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FOREWORD

This report was prepared by Advanced Metals ResearCh Corporation undersubcontract from Nualear Metals, Inc. on USAF Contract No. AF33(616)-7382. Thecontract was initiated under Project No. 7351, "Metallic Materials," Task No.73512, "Refractory Materials." The work was administered under the directionof Materials Central, Directorate of Advanced Systems Technology, Wright AirDevelopment Division, with Lt. j. Bitzer acting as project enginer.
This report covers work conducted from April 1960 to September 1960.
This work was prepared by N. Peterson, and reviewed by Dra. R. Ogilvie,J. Norton, and B. J. Rapperport.
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A1STTRACT

Data available in the open literature on diffusion in tungsten, tanta-
lum, molybdenzim, niobium, platinum, hafnium, zirconium, vanadium, chroAnium, and
titanium is reviei-ad and evaluated. Informatioax on ainety-five binary systems
and thirteen ternary or higher order systems is reported.

Care was taken to make this report as complete as possible at this time.
For some systems where no diffusion data was available, diffusion coefficients
were estimated from existing theories or from data on diffusion controlled
processes.

This report has been reviewed uW to approved.

Chief, Physical ketallurgy brawh
Metals and Ceramics Ibontr

Materials Laboratory
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1. INTRODTuCTION

In the past few years, the importance of diffusion in refractory metals
has bocome increasingly emphasized due to the application of these mecals to
high temperature uses such as space vehicles, Jet enghlees, and nuclear processes.

Fnr practical as well as for fundamental reasons, the rates of diffusion in
alloys of these metals are of considerable consequence. Most reactions which oc-
cur in the solid state are greatly dependent upon the diffusion of atoms through
6ha lattice structure and along grain boundaries. Thus, diffusion is frequently
rate-coatrolling in such processes as grain growth, homogenizat.on, oxidation,
age hardening, sintering, creep, and elastic after effects. In addition to the
substitutionsl alloying elements used in the refractory metal alloys, the inter-
stitial alloying elements such as carbon, oxygen, nitrogen, and hydrogen also are
often present in sufficient quantities to influence the alloy -r"Perties sient-
ficaztly.

In the processes of determining which elements should fall under the term
refractory metals, three groups of elements were categorized with respect to
their general Importance:

Group I - Diffuniou of niobium (columbium), molybdenum, tantalum, and
tungsten with any other element.

Group II - Diffusion oi zirconium, hafi-um, platinum, iridium, os•aum,
renium, rhodium, and ruthenium with any other element. Data
was found only on sirconium, hafnium, and ple•i.-'si

Gtoup III - Diffusion of titanium, chromiumý and vanadium w!.- auy other
slomant.

II. GROWP 4

A. DIM sion i, Tu4eun

telt-diffusion of tuagsten yZT reported in 1956 by two Russian
itvestigators, Vasler -.id Cherarw chenko. ' The radioactive isotope W185
das oxidised to U03 and applied as a unifo-te coat #.0 to 50 microns thick, onto
the surface of tung7sen dLsco. The activity uas measured at the surface of the
discs as function of tima at tperatuzes in ttA range of 1287 to 1453 C. Tho
data fits the equAtiou

D - 6.3 x 1f07 ,V (-,3,000/T).

Naa• rript released by the authbt DeceU-r 1, 1260, for publ~catioa 4* a IAD
lecbnitAsl Report.
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The data appears te be quite good, but at temperatures as low as the ones
used in this investigation, one would expect a fair amount of grain boundary
diffusion. The activation-energy is of the right order of magnitude for lattice
diffusion, but the Do is excessively large for self-diffusion by a vacancy or
ring mechanism. The authors estimate their error in D as being 25 to 30 percent.

!Using the field emission microscope, Muller(2) measured the surface migra-
tion of tungsten atoms on tungsten in the temperature range 927 to 12270 C. lie
obtained a value for the activation energy of surface diffusion of

Q - 106,500 + 800 cal/mole.

This value appears to be quite large, and there was some doubt ,w-eessed in the
literature as to whether Muller -as taesuring surface diffusion ot ?olume Oiffu-
sion. By applying the theory of Rerring( 3 ) to the rate of blunting of tungsten
neelles which were heated and observed in the electron microscope, Boling aud
Dolan( 4 ) concluded that surface ditfution was the controlling mechanism in
Muller's experiments.

In a move recent investigation by Sokolovskaia,(5) the activation energy
for surface diffusion was found to be Q a 73,200 + 4,500 cal/mole. The teasure-
ments utiltsud the field emlsmlon microscope and were carried out over the tea-
perature renge of 927 to 13270C.

Barbour, Charbonnier, Dolan, Dyke, Mertin and Trolon(6) repoa;.dI surface
diffusion date for tungsten over the temperature range of 1527 to 24971C. A
pulse field emission microscope was used to measure the rounding of 0'. points
of tungsten needles. From a least quareos line through 43 exerimental pointo
the equation

D - 4 we (-(72,000 _ 1800)/la?

was arrived at. This appears to be the most complete and probably the most re-
liable data an surface diffusion in tungsten.

Sokolovskai (5) and Rettler and Charbonnier(7) showed that the activation
energy is considerably s.ller it a leage continuously applied electric field it
used. The high electrostatic field at the crystal surface, present through in-
duced polarization of the surface atoms, produces a reduction of the potential
hill which an atom mot eurmount in order to mlarate from one stable site to
another.

2. Integrtittil Diffusloo

Two Russian investigators, Samsonov and Lstyshev•i(59)

studied the diffusion of btron aad carbon into a number of transition element*.
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Since their "diffublon constants" are not the st&.ndard diffusion coefficients
enc!.,tntered in physical metallurgy, their technique and results will be reported
in detail h&re, but will be referred to only briefly under the other system that
they have investigated. In systems where there is other data available, their
data is greatly in error. Nevertheless, the data is inzeresting and possibly
of value.

Specimens, 3 to 4 am diameter cylinders, were charged with carbon by plac-
ing the specimens in a suitable holder and were surrounded with lamp black. For
saturation with boron, a charge of 99.1% purified amorphous boron was used in a
mixture of 3? NH4 Cl as a diffusion activator. The time at temperature for each
temperature was two hours. On the basis of weight changes, hardness data, metal-
lographic observations, and x-ray analysess, the compounds formed on the surface
were determined.

Diffusion constants (which appear to really be constants associated with
the rate of growth of the compound layer) were calculated from the relation

D (C - C2 ) *Cox

where D is the diffusion coefficientj C - C2 is the ditterence in concentration
of the metalloid on the boundaries of the layera, and A in defined as

z 2+.2K_2 ln x 12
4t

where x is the radius of the specimn (9) ninus the tbicknass of the diffusion
aoca and t is the time.

Us activation enerty, Q, was calculatad from the relation

D) (C - C2) - DO ,xp (-QI-T).

The data for tunaet.•boron diffuitoa is shoun in Table I and say be given
by

D 3a.72 x 103 .xp 1(-20,(OO + 6400)/wr'].

Saisonov in an earlier report, stated that Q - 17,200 cel/mole. Tba
grovth of the V24 phase was measured and the sao analysis as outlined abov was
used to calculate tbm activation energy.

UMDD TA 60-793 3



Table 1

Tungsten-Boron Diffusion Data Using the Samsonov and Latysheva Technique(89)

Temp. D Q ' Do C - C2D

(,C) (C - C2 ) j(cal/mole) (cm2/sec) (g/cm3 ) (cm2/sec)

1000 0 20,400 + 6400 860 + 170 0.231 3.72 x i0 exp , RT

1100 0.6220

1300 3.0688

1400 8.6520

1/00 18.0432

11800 
21.6i96

11900 56.7896

b. Tung•aen-Carbon

There it very little sareement between the different in-
vestigators ou, diffu.ion of carbon into tunseten. even though s-veral of them
uced the name technique. Samaonov and LUtylh.-ve,(8, 9 ) employing thi method de-
scribed previously under the tungsten-boron system, gave a value of

D a 1.82 x 106 exp[-(39,SO0 ± 13,400)/)TI.

The data is given in Table 2. The grnvth of the W2C phase was used for det 8 r-
mining the diffusioA coefficient over the temperature range of 1400 to 2000 C.

Table 2

Tutinten-Catbon Diffuaion Daj 8a m by SA8onov
and Latyaheivat(Uv

•,cup. iD D Q - C0
(0 C) (C - CP) (cot/mote) (cm2 7 sec) (8/cm3 f (Cm2/sec)

1400 0 30,S0O ± 13,400 96,500 ± 9300 0.033 1.82 x 106 6XV (-39•S•Q

1600 4.4330

1700 9.5976

1800 15.5372

1900 20.6088

2000 27.7140
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Kreimer, Efron, a.nd liaranava; 11 utilizing the sawe azuslylcal system dc-
scribed by Saiusonov and Latysheva, obtained

D(C C C2) - 2750 exp [i(112;000 + 3,000)/IT]

D -25,.000 exp t-112,000 + 3,000)/IT]

over the temperature range of 15(") to 18000C. The data appears to have much
less scatter than that of Ref. 8, but the activation energy still may be too
large.

Pirani and Sandor (1)placed large grained tungsten be~dg in a carbon bed
and heated them to temp'aretlress of 153#5 to 18050C. Thý depti' of tdie Lungetefl-
carbon phase was measured at various times at each temperature. The activation
energy for the growth of the tungsten-carbon phase (assuzmed to be diffusion con-
trolled) was found to be

Q - 59,000 t 5,000 cal/mole.

DQ war calculated from the Duohnan-Lanuair equation, (D . d eicp (-Q/RT)
where d a the jump distance In is, QL3 in cal/100le, h is in eal/sec, and D) to
in CN2/secl, to be Do -P 0.31 cs-ec

Zvtkker (13) meaosured diffusion of carbon In tungsten a t .)Cby msaow
of theruicont emission. Hie obtained the values listed in Tabl# 3.

Tuoaten-Carbon Dii LuinCefiinefr 10o (13)

ýype of Wife D (cm2 /see)

Singlo crystal wire 0.12 x 10

Drava wire 0.52 x ldll

Dravawiret with 0.63 a 10 12
0. 15% !t 2 _____

Pintsch vira 2.55 x 10'~

Large voids observed in the Pintsch vivoet plven as the reason for the hilber
diffusion coefficient. Taking 0 - 5 r 10- C02/PAC Q - 125,000 cel/mole is
calculated from the Dushman-Laonuzit equation.
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It is clear that more accurate data is needed on diffusion of carbon in
tungsten.

Surface migration of carbon on tungsten was followed with the field emis-
sion microscope by Klein.(0 4 ) A tungsten point was shadowed with carbon, heated
to various temperatures, an4 observed in the field emiss~on microscope at room
temperature at given time intervals. -A sharp moving interface was followed which
gave a linear relationship between distance moved and the square root of time.
Measurements were made at 850, 975, and 11000K. This data yields an activation
energy of Q - 55,000 + 7,000 cal/mole, indicating that Q for lattice diffusion
of carbon in turgsten is probably of the order of 100,000 cl/mole.

c. Tungsten-Arpon

Surtace diffusion of argon on tungsten was measured by
Gomer with the field emission microscope. A value of the acti.d'on ene'r-
for this process is given as

Q - 600 + 200 cal/aole.

The very low value of Q signifies an extremely small binding energy betveen argon
and tungsten atons at the surface, as might be expected from the inertness of
argon.

d. Zunncten'-Uvdaozen

Surface migration of hydrogen on tunwistenwa foll-wed with
the field em-insion microscope by Vortma, Gomer, and Lundy." 6) A moA,•Seyer of
hydrogen on tungsten gives an activation energy for surface diffusion of Q -
900 cal/mole. An earlier paper by Gamer and Nule(17) gave Q a 1,000 cal/mole
for 0.1 monolayer of hydrogen, However, this corresponds to movement from higher
energy sites only, since there are not sufficient hydrogen &too& to completely
fill all sites.

Wortman, Cos-c, and Lu4y(16) masured surface migration of
oxygen on tungsten. They found that a monolayer of oxygen on tungsten gives
Q -19,000 cal/mole, whilv a 0.1 mnolayer gives Q - 30)000 cal/mole.(l 4 )

Muller,( 18 ) also using the field emission microscope, found 4 - 16,000
cal/oole for the surface diffusion of oxygen on tuageten, which in in good
agreement with Vortman'aC 1 6 ) value of Q - 19,000 Cal/mole.

3. Subetitutional Diffusion

Muller(19) and Secker( 20 ) have observed surface migration
of barium on tungsten with the field amiasion micosocopa but neither of thes

VADf 11 60-793 6



calculai ed diffusion coefficients from their data. Becker gives data for sev-
eral differeut crystallographic plaa.cs and fo4 6iferent voltages, temperatures
and thicknesses of bdrium.

b. Tun-gaten-Ceriys

Dushman, Dennison, and Reynolds(21) have measured the lat-
tice diffusion of cerium in tungsten by observing the thermtonic emission as a
function of 0 jae. 2 The sa•pleu were 4-lil •iameter filaments. At 2000°K (1727 0 C).
D -95 x 10 cm /sec and D - 1.15 exp (-83,000/RT). Heasurements weie not
mentioned for temperaLures other than 2000K. Hence, the DO and Q values were
probably determined with the Duuhman-lmngmuir equation. Diffusion coefficients
calculated for temperLures other than 2000WK are probably not on firm ground.
No mention vas made as to the cerium content of the filaments, but from the
relatively large value of Q, the cerium content must be small.

c. Tungsten-Cesium

The surface diffusion of cesium on tungsten vas measured by
Lanamir and Taylor(22) using the thermtonic emission technique. These investi-
gators made masurements for both the first adsorbed layer and the second ad-
sorbed layer of cesium on the tunseten surface.

Table 4

Siriace Diffusion of Cesium on Tungsten(2 2)

First Adsorbed Layer

:, 0.Q(00) (Cm2/sec) (cm0/aac) (Cal/mole)

27 1.2 x 10 0.2 14,000

227 ).5 a 10-7

427 8.0 x 10-6

W. 14.0x 1 O-

Second Adsorbed Layer

27 3.4 x 10 O.0164 2,300

227 2.2 x 10-3

427 3.2 x 10-3

The considerably !vuer activation energy for the second adsorbed layer is
due to the movement Erom higher energy sits for the first• adsorbed layer, The
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movement of the second adsorbed layer probably come closer to surface diffu-
sion of cesium va cesium, which would be expt;Led tu have & smalls: activatiou
energy than surface diffusion of cesium on tungsten.

d. TunRsten-Iron

Vasiler Kamardin, Skatskii, Chernomorchenko, and Shuppe(23)
studied the diffusion of Fc59 into tungsten. The tracer was applied by electrol-
yais of FeC13 onto a slab of tungsten, 150 =2 by 0.4 - thick. Diffusion sam-
plea were run at 1210, 1313, 1409, cad 151301. The data fits the equation

D - 1.4 x 16"2 exp (-66,000/IT)

1AI an trror in D astjinat d Ly the author,; as beicia 30?.. Gru2.'t..( 4  At~.*i
V into ce, yFe, and a 0.82% carbon steel. The diffusion anneals were carried
out in the ta~erature range of 700 to 1250°C. The data is given in Table 5.

Table 5

Data on Diffusion of , .into Iron_(4

D x 1012 (CM2 /ec)

(C) Iron 0.23ttee

700 0.7 0.4

750 2.0 0,9
775 --- 2.0

800 7.8 3.8

850 34 6.0
875 16 -

900 10 13.0

950 19 7.5

100 14 is

1050 12 17

1100 18 44

1150 69 190

1200 210 230

1250 460 560
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This data was found to fit the following equations:

Dode - 3.8 x 102 exp (-70,O00/RT)

D = 1 x 10 exp (-90,000/RT)DyF~e

Dyateel - 13 exp (-75,000/RT).

Van Liempt(25) determined the rate of diffusion of iron in tungsten by
measuring the rate of evaporation of iron from a W - 0.04% Fe alloy. He stated
that D - 11.5 exp (-143,000/RT). 1%is value for the activatio.., ýner•y is

greeter by a factor of two than that observed by Vaseler at .1. ( ) Possibly
the rate determioing stop in Van Lienpt'a evaporation experiments vam not diffu-
aion, but rather a phase boundary controlled reaction. This data has also been
interpreted as representing self-diffusion in tungsten. Certainly, the tracer
technique of Vasilvr' is much preferred over the rate of evaporation masure-
seats of Van LUept as far as determining diifusion coefficients is concerned.

Grub. and Schneider( 2 6 ) bonded Bvre iron to ao iron-tungsten alloy and
diffused zhem at 1230, 1330, and 1400 C. The sae~les were sectioned and chemi-
cally analysed by conventional methods. The diffusion coefficients are defi-

nitely a function of composition. owever, the concentration Orfdtento were
analysed by the Crube analyesi,(27) since the Heteno afslysi('r itsd not yet
been publishmied whan this work wa done. Their data to listed in U4.1W 6.

Table -6 26
,aptietal Rlat of fuu.ad~tii~~6  or* Astuu I

Treatmiwat I Tasatmmnt 2 Traetmeut
Tsep., 12P00C Te44., 13300C Tomp. , l0 C
Time, 24 hr Time, hr Time, 7 hr

S, 4.27. V Coo 3.05 V CO, 11% V

C D 1 01  C D x 1010 C D a.101 0

1(% V) (c*2/sec) (% V) (caine) (1 I) (CO2 1.a)

0.0025 3.2 3.95 3.42 24.1 9.12 24.6
0.0075 1.43 3.59 2.59 24.2 5.05 19.1
0.0125 0.57 4.07 1.87 24.5 2.41 19.2
0.0175 0.10 3.46 1.20 23.2 1.08 20.0
0.0225 0.79 24.3 0.97 32.2
010275 0.51 25.7 0.69 40.0
0.0325 0.39 43A

0.0315 0.10 38.A
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This data does .not Lend itself to a d,_,te'.maination of the activation energyk

because the temperature range is too narrow and there is too much scatter in an
Arrhenius plot.

e. Tungstpn-Potassium

Bosworth( 2 9 ) measured the surface diffusion of potassium on
tungsten by the photoelectric emission method, The values he obtained are tabu-
lated in Table 7.

Table 7

Surface Diffuaton of Potassium on Tungsten( 2 9 )

Temp. 2D
(°C) (cM /sac)

480. t -0.57 x 10-5

590 10.0 x 10-5

780 280 x 10-5

Tie equation

D a 0.43 si (-15,2001/T)

lo e good repres~itatston of this data. It should be noted that these values
are for lov potassium conll entLrationl , As the potassilm concentralOt ttin ctrslsed
the diffusion coefficient tas observed to decrease This to the opposite WO
hbvior from what wtes observed for tunasteaocseism,(22) tugnpta-hy49dog,(-6,Lt)
and tunwitan-oygen. (I6, 17)

Diffusi~n of molybdeaus into polycryoetalino tungsten and
tuigstsn single cryctels vas carried out by Van ei~t.0(30) The iolvb4anuo vas
in the foten of gaseous "oCIS tMt•id vith hydrogen. Lsyeto of th estotl were
uashined off and chemically ,eulyse4 by standard procedures. The wolybteaam
concentration varied betwen 0 and 20 weLgt percent molybdaums.
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Tnble 8

Diffusion of Molybdenum into Single Crystal
and Polycrystalline Tunastea-,-%O)

Polycrystalline Tungsten
Thragatcn Single Crystals

Temp. D x 1012 Temp. x20

(OC) (cm 2 /lec) ( 0 C) (cam /sec)

1533 1.3 1533 0.26

1770 11.0 1770 1.12

2010 106.0 2010 22.0

2760 640.0 2260 78.0

This data fits the equatios:

'n 6.3 x 10 (--60,500/tT)Dsilnse crystal 1 I

Dpycrystal a5 x 3 evp (-40,5001/T).

The diffusion coefficient for tunSgten-.olybdenum diffustroa may be quite
dependent on concentration 4ue to the differences in pelting points but no such
dependence was reported. (This data wea published before the publication of the
Natan sualytsi.) A plot of log D vs 1/T is show to fig. 1,

Another value was published for 24000C at & later date by Van Liempt; )

0 -e ca 2-:4seo (polyorystoalina tungsten at UM0U9 ).

(29),The surface diffusion of sodium on tuvgotot has been deter-
utoad by bosewrth" using the method of photo-electric .etaeton. A sesal
patcb of sodhim uas placed on the canter of a tungsten strip filamet "d heated
for various times at pto-deteritzed temepaturev, The strip vas then traversed
with a wall defined spot of light aOd the photo-electric ptopotees measured s1oag
the strip. by this method the follovtdO date In Table 9 was obtained.
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Table 9

Surface Diffusion of Sodium on Tungsten(29)

Tevup. D 1 10' Temp. D x 0 5

( K) (cm /sec) (Or) (cm2 /sec)
IA m m - _ -

293 0.8 500 50.0

330 3.2 520 77.0

375 6.0 555 128

410 13.0 620 200

420 20.0 690 270

430 30.0 740 310

450 34.0 800 330

Thaae vclues were found to fit the equation

D - 0.1 exp (-5560/AT).

The data lwke 4duite good and very completa. It would correspond to che
second adsorbed layer of the tungaten-cesium systsm. That isL thau vwoo suffi-
cient sodiwu present so that Bosworth was not measuring diffuston trtu the
higber energy sites, but was measuring true surface diffuaton.

h. Tumagain-Mtckel

Swalin and M4artin( 3 2) profrered pressure welded diffusioarouplea of pure nickel and as tfi 1.5% W alloy. Spectrophotoeatric analysia on
lathe turning was used to determine the conmentration gradient.

Table 10
Tun -epncke1l Difigsio, at opoltioq(32)

I"C) D (cm /eec)

1153 1.78 x 10-11

1187 3.40 x 10-11

1220 4.17 x 16"11

1252 1.07 x 10C

1289 1.85 x 10-10
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I - The variation of the diffusion :oefficient with temperature may be expressed by

D - 11.1 exp (-76,800/RT).

Although the temperature range used in this investigation is rather small, the
data is sufficiently good to limit the error i., the activation energy to + 1000
cal/mole. A plot of log D vs I/T is shown in Fig. 2.

AlliRon and Moore( 3 3 ) evaporated W185 onto the surface of nickel single
crysbals and large grained polycrystals in the temperature range of 1100 to
1275 C. The usual sectioning and counting procedures were used. Both single
crystal and polycrystalline data obey the equation

D - 1.13 exp (-71,000/iT).

*rhe acatter in their results is quite small.

Specimens were also diffused between pure nickel and a Ni - 4.9% W alloy.
This data fitu the same equation as above. A plot of log D vs I/T is shown in
Figs. 3(a) and (b).

i. Tungsten-Silicon

The growth of the WSi2 phase was observed au ai function of
temperature by Samsonov and 8olonnikova(3 09 for tungsten aylindera .Acked in sili-
con powder. Using the analysis outlined under the tuugsten-bo4 ... syetemo( 86 9 )
these investigators determined the nvtivation energy for the process. No data
points were given and no Arrhenius plot was shown. The activation energy was
given as Q - 5,780 cal/mole which is excessively low. Their results are probably
worthless for use as diffusion data, but might have some practical value in
other applications.

J. Tun~aten ,1,hurt.ml

Dushman and LanuzirO3 5 ) measured the diffusion of tiocium
in tungsten al 2 3 0 6 using the field mission uicroscope. They obtained D
1.1 x 10_ ca /sec at 23000 K. The activation energy was calculated by seanm of
the Dushmau-Langwuir equation as Q - 94,000 + 3,000 cal/mole.

Lanpuir( 3 6 ) obtained the data in Table 11 by the same technique. These
values yield an activation energy of Q - 94,000 eel/mole and DO - 1.13 cZ/seec
which agrees with the value of lef. 35.

Lnpiuir(3 7) interpreted this data as being repreuentative of grain bound-
ary diffusion.
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Table 11

Grain Boundary Diffusion in Tungsten-
Thorium SysLem( 3 6 )

Temp.2

(TK) D (cm 2/sec)

2055 1.1 x 10

2300 1.12 x 10-9

2400 3.57 x 10-9

2500 6.8 z 10-9

Fonda Young, end Walker( 3 8 ) found D - (1 + 0,2) x 10-1 cm2/sec at 240001.
Langmuir(37j interpreted this data as lattice diffusion data and calculated Q
120,000 cal/mole and Do a 1 from the Dusbman-Langmuir equation.

Fro•a 'ats obtg~Fd by Bratta nand Becker, (39) using an electron emission
technique, Lanpuir~"' calculated Q 066,400 cal/mole and Do - 0.47. This was
interpreted as surfact diffusion.

In auary, the values stated by Langmuiu(37) are:

D surfacea 0A47 exp (-66,400/IT)

D grain boundary ' 1.13 exp (-94,000/RT)

D lattica 1.0 exp (-120,000/IT).

With the exception of the data of Reaf. 36, all values of the activation
energy were calculated by means of the Duseman-Lanpuir equation from data at
one tmperature. Thit leaves sme doubt as to the accuracy of the values given
for Do and Q. Unfortunately, there is no data available that was obtained by
the more accurate sectioning or electron probe mathods for coaparison.

k. Tunsten-tanitum....Tu!nasten-Yttrium. and
TlegS ten-Zirconium

The measurement of the lattice diffusion of uranium yttrium,
and uirconim in tungsten was done by Dushmah, Dennison, and Ueynolds(ll1 by ob-
serving the theriounic emission as a function of time. The su-ples used were 4-
".il diater filawnts. The follolag diffusloo das was obtaineA at 2000PI:
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for uranium:

D - 1.3 x l011 cm2/sec

D - 1.14 exp (-100,000/RT)

for yttrium:

D - 1.82 x 10 cm2/sec

D - 0.11 exp (-62,000/RT)

for zirconium:

D - 3.24 x 10-9 cM2/sec

D - 1.1 exp (-78,000/RT).

Measurements were not mentioned for temperatures other than 200001 (1727°C).
Hence, the D. and Q values were probably determined with the Dushman-Langmuir
equation, heuce diffusion coefficients calculated for temperatures other than
2000 K are probably not on firm ground.

The data for diffusion in tungsten is summarized in Table 12.

B. Diffusion InTantalum

1. Self-diffusion

Self-diffusion in tantalum has been measured by several invest$,-
gatorz. Eager and LaJi. 0) activated a •mll volume of a tantalum strip in
the thermal column of the NIX pile and then heated these strips in vacuum in the
temperature range of 2100 to 28000K. The radioactivity after diffusion was
measured along the len3th of the strip. This data fitted the equation.

D - 2 exp (-110,000/RT).

A great deal of grain boundary diffusion was obberveg by autorediogrsphic tech-
niques in samples diffused at temperatures near 1800 9. An attempt at measuring
surface diffusion by evaporating a surface deposit of radioactive tantalum on a
clean tantalum strip yielded Daurface as being approximately 101 times larger
than DIattice at 1800OK.

Grutin and Keshkov (14) deposited Ta 18 2 onto tantalum discs. Two discs

were then clamqed t 8 gether with their activ4 , faces t.n coatact and difidsed be-
tween 1200 and 1300 C for times tip to 320 hours. Their data is given in Table 13.
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Table 13

Self-diffusion Data for Tantahlm(
14 )

Temp. D x 1013

(0C) (cm 2 /sec)

1200 1

1250 2.5

1300 7.6

Gruzin and Meshkov(42) at a later date stated that self diffusion in tau-
talum may be represented by the equation:

D - 1.3 x 103 exp (-ll0,O00/RT).

This shows excellent agreement in the activation energy with the data of
Eager,(4 0) but a considerable discrepancy exists between the two value, of DO.
Since the value of Do is normally expected to be in the ranu nZ 0.1 to 10 for
self diffuJion, lager's value of 2 is probably the better value to use.

2. Interstitial. Diffugipn

a. TantaluM-Bo on

Samsonov and Latysheva( 8 ' 9 ) using the technique described
previously under the tungsten-boron system gave a value of

D a 5.92 x 103 exp [-(16,900 + 6,100)/RT).

The data is given in Tp5le 14. The StuwLh of the T&B pha#e was used for deter-
mining the diffusion coefficient over the temperature range of 1200 to 2000 0 C.
As previously mentioned the validity of these values as diffusion data is very
questionable.

b. Tantalum-Carbon

Samsonov and Latysheva, (8,9) employing the analytical
method found on page 3, found that the diffusion coefficient may be represented
by the equation:

D - 1.98 X 104 sxp (-(19,3W0 + 6,SOO)/tTI.
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Table 14

Tantalum-Boron Diffusion Data Using the Analytical
Method of Samsonov and Latyaheya(.', 9 )

Temp. D Q D C - C D
(00) (C - C2 ) (cal/mole) (cm2 /sec) (g/cm) (cm 2ee)

1200 11.8206 16,900 + 6100 1280 - 240 0.216 5.92 x 103 ev ( 94 "

1300 27.3438 I
1400 44.1540

1500 65.9340

1600 86.3874

1800 99.6530

2000 125.5320

The data is given in Table 15. The diffusion coefficient over the tatqerature
range of 1000 to 18000 C was evaluated by conuiderinS the 8 rovth of the Ta 2q
phase. A coeparison of this data %ith the much more accurate data of Powers and
Doyle and others which will be presented further on, show# that the &ttivation
enor"y giv-n by Ref. 8 a. too sas- by a factor of two and the Do va'u, is too
large by a factor of 10. This serves aa a masure of the caution t one
a;..,,ld use when considering the apsplication of the data presented in Baft. 8, 9,
and 34.

T~ble 15

Diffusion 'at.• fojr Tantalum-Carbon Sya t . 8a 9

TUp. D Q 0 C - C,
('C) (C - c2) 0%041/0o0e) J(CM2t~c (Ilc J) (c /seac)

1000 0 19,300 650 3300 + 600 0.166 1.98 1

1300 4.4715

1400 7.7440

1500 9.2400

1600 13.1450

1800 20.9385
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In 1948, Ke( 4 3 ) applied the measurements of internal friction to The diffu-
sion of carbon in tantalum. A torsion penduilum was used to measure the damping
in tantalum wire specimens which had beeu heat treated in a carbon contlaiing
atmosphere. The application of stress causes the interstitial soluticn in tan-
tal.•n to distribuie preferentially in the lattice. This redistribution of atoms
produces a dam ing peak in the curve of internal friction as a function of tem-
perature. Ke(43) and later Wert( 4 4 ) located a peak at 140 to 1500 C which they
attributed to the diffusion of carbon in tantalum. (Actually, the peak was shown
by Powers and Doyle( 4 5 , 4 6 ) to be a result of the diffusion of small amounts of
oxygen rather than of carbon.) Ke obtained an activation enexgy of Q 25,1:00
cal/mole, and Wert found that thia data fitted the equation:

D - 0.015 exp (-27,000/RT).

Powers and Doyle(47") found the internal friction peak for carbon diffu-
sion in tantalum to be at 324.9, 337.7, and 354.9 0 C for frequencies of 0.270,
0.538, and 1.330 cps, respectively. From these data, the activation energy was
found to be 39,600 cal/mole.

The moat complete informat on on diffusion of integatitiala was tacently
published by Powers and Doyle.( 4 8) Data was obtained by both internal friction
and elastic after-effects measurements. T41a is auaar~ied iAn Table 16.

Table 16

Tantalum-CarEon Df fusion Coef icient!." a _•ute*r .

Method of peaanur"nt e ( 0M DO

itaur*1 friction 0.014 + 0.003 390500 + 200

4e4stic totex-eftreet. 0 ,003. OA0. ot 38,400 * 200

t0.00610~ .0012 3e$SLO 4- 260

A plot 0' the log of tbid traxotton ti*s vs 1/101K for those values tj1. 1L
crated in 71ft. 4. Ithi dats, to of oxtept~cottly good quQ11ty, *W, the
-in the literature -rat w~ri of Whe Cr411bet vork to Woit uottcesble.

A theory has been presftato4 by Ferro (49 for " kulsA&Un4 the diffneion of
interstitUal. tam bodV-etoterad ucubtc .eta*t. A tbaortvtl~l va I. 1 val~a~
by usIng the! elastic coustats of the watri* cetl and the ltetretjtist atom
diinteo. TM Vailues arived at for diffustio of c..bou in tataalimi area
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Q = 42,000 calimole,

D W 0.009 cm2/sec.0

These compare quite favorably with the values obtained by Powers and Doyle.

c. Tantalum-.ydroRen

The weight gain of tantalum heated in hydrogen was measured
by Gulbransen and Andrews( 5 0, as a function of time and temperature. At least
two different rate laws were found to be operatiag. However, between 700 and
900°C a parabolic rate law appeared to exist. The authors felt that the sensi-
t.,ity.... of the %"-Ydr.de reaction. to surface fl.ms and the itvUiiLL. ..4 -:1 e-

neities in the metal made an evaluation of a diffusion coefficient, difficult.
The data may be of interest for reaction rates, but no diffusion data is pre-
sented.

Using the theory of Ferro,(49) D and Q may be calculated as:

Q - 6,800 cal/mole,

Do W 0.0009 cm 2/sec.

In the absence of good experimental values, these may serve as ar, order of magni-
tud'e answer.

d. Tantalum-%Xtzen

Diffusion of oxygen in tantalum has been measured by tv:r
different techniques over tlree different temperature ranges. Internal friction
measurements have been made in the temperature interval of 50 to 350°C, weight
gain measurements from 250 to 350 0 C, and microhardness measu ementa on concentra-
tion gradients from 700 to 14000 C. Agreement is quits good over the entire tem-
perature range.

R~e,(43) using the internal friction method, found thu activation energy
to be 29,000 cal/mole in the temperature range of 152 to 170 0 C. He found that
the relaxation process had tio single relaxation time as in the other diffusion
processes measured by this method. This wao interpreted by the author to mean
that the atoms are at both the octahedral and tetrahedral positLonsp While In
the other cases the atoms are at only the octahedral sites.

Since Ke's value of Q is slightly larger than that obtained by the other
investigators, he wight have had a large amount of oxygen or some mount of ni-
trogen in his sample. A large oxygen content or nitrogen eoutent can raise the
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observed activation energy for oxygen diffusion [Powers and Doyle (46). This
may also explain why Ke observed no single relaxation time.

Powers and Doyle( 4 5' 4 6 ) observed that the interncl friction in tantalum
arising from the diffusion of interstitially dissolved oxygen at low concentra-
tions could be described with a single relaxation time, but at higher oxygen
coucentrations the experimentally determined internal friction curve became
broadened and skewed, with the internal friction considerably higher on the
high temperdLure side of the peak. The same behavior in Lhe oxygen peak was
produced by small additions of nitrogen. A summary of their data is given in
Table 17.

Table 17

Tantalum Diffusion Data of Powers and Doylet)

Frequency of Reciprocal Activation t
System Applied Stress Peak Temp. Energy (1014eec) Comments

(cps) (lT x 103) (callmole)

0 in Ta 0.285 2.494 Q - 25,900 from
(low cone. 0.612 2.438 25,800 0.5 peek breadth
0.015 wt. %) 1.673 2.358 Imeasurement.

Q a 27,800 in some
0 in Ta 0.266 2.431 a-n'age of that
(high conc. 0.559 2.381 27,800 0.1 . tormal Ta-0
0.12 vwt. %) 1.541 2.305 ipeak and the 0-0

Sinteraction peak.

0 293 2.492
Low 0 conc. 0,091 2.408 26,100 0.3 HNrtral oxygen rotak.
High cone.22 2.357

(0.0225 wt. %0 0.292 2.275
0.08 wt. % N) 0.891 2$191 27,300 1.0 Oxy0sn-nitropen

1.722 2.147 interaecion peak.

N i Ta 0.285 1.689 Q " 37,000 from
(low conc. 1.652 37,500 0.8 peak breadth
0.02 wt. %) 0927 1625asur nt.

I1.662 1.596 1

Thus, smaell concentration differ'nces and smaLl asounte of a third element
may significantly change the diffusion coefficieuts obteiuad by this techiique.
Thic may serve as part of the reacon for the relatively small disegreement be-
tween the diffusion coefficients obtained by the different investigators using
the Internal f-icLio3 27thod.

WADI) T& 60-793 27



Ang(51) used both the torsion pendulum and a high frequency method for
his internial friction measurements. This allowed him to taki data over a large
temperaturL range, 155 to 3550 C. He obtained Do - 0.0190 cm /see and Q - 27,300
cal/mole. M(arx, Baker, and Silvertsen(5 2 ) using only the high frequency method
reported the same values as Ang.

The most recent work of Powers and Doyle,( 4 8 ) listed in Table 18, gave dif-
fusion coefficients for oxygen diffusion in tantalum obtained by internal fric-
tion, elastic after-effects, and peak breadth measuremants over the temperatare
range of 50 to 1500 C,

Table 18

Diffusion Data for the Tantalum-Oxygen System ý.w
Determined frota Intexial Friction Measurement8sk 4 )

Method of Measurement (C.•SoC) I
(cm 6ac) (cal/mole)

Internal friction 0.006 + 0.002 25,700 + 300

Elastic after-effects 0.0038 + 0.0007 25,400 + 100

Combined 0.0044 ± 0.0008 25,450 + 13C

Peak breadth 25,000 + 300i

The log of the relaxation time vs l/TOK for this data is also plotted in
fig. 4.

Ferro(49) obtained theoretical values of Do - 0.004 co2/sac ad Q - 29,000

eel/moe which are In good agreement with the experimental data.

The diffusion of oxygen in tantalum it the tepert ture range of 700 to
1400 C was measured by Gebherdt, Seghesui, and Stegherr(53) by loading band
shaped specimens with gas at one end and than allowing diffusion to occur.
Hicrohardkasas measuraw!.s were used Lu duLttaine the concentration of oxygen
as funct., of distance along the bead. Their data fitted the equation:

D - 0.015 e. (-260700har).

wb ct is Ln superb agreement with the internal friction data at much lower toe-
per•atora. Thee" results are plotted in Fig. S.

Gulbransen and Andrew (50) measured the teight gin of tantalum heated in
oxygen as a function of tim and teqmersture. The rate law for the rate control-
Ila& etup was foundoto be parabolic (probably diffusion). Over the temprature
range of 250 to 450 C the relattonahip followed waoý
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D = 8 x 0-5 exp (-27,400/RT).

Figure 6 shows a plot of log D vs I./T°K for this data.

The diffusion of oxygen in tantalum over twelve orders of magnitude is
seen in Fig. 7. The data of Gulbransen and Andrew( 5 0 ) was obtained by the leaat
reliable technique of the three methods, so not as much weight has been applied
to ihis data in drawing the curve in Fig. 7. Such good agreement over a wide
range of temperatures is most remarkable

e. Tantalum-Nitrogen

By using internal friction measurements, Ke( 4 3 ) found that
activation energy, Q - 44,000 cal/mole, for diffusion of nitrogen in tantalr m.
This value is somewhat larger than that found in the moi'e precr!se work x kowers
and Doyle.

Powers and Doyle( 4 6 ) obtained a value of Q - 37,500 cal/mole over the tem-
perature range of ,20 to 3500 C. This was for samples containing 0.02 weight
percent nitrogen. For samples containing 0.0225 weight percent oxygen and
0.08 weight percent nitrogen, they found that the oxygen peak was moved such
that Q was 26,100 cal/mole instead of 25,800 cal/mole. Also a peak was found
with an activation energy of Q - 27,300 cal/mole, due to the oxygen-nitrogen in-
teractions. This data is summarized in Table 17.

Ang.( 5 1 ) utilizing both the torsion pendulum and high frecuency methods
for internal friction measurements, found that Do a 0.0123 cm2 /sec and Q a
39,800 cal/mole over the rather large temperature range of 360 t 6620 C. Good
agreement with AgS'a work is given by the data of Marx, Baker, and Silvertsan( 5 42 )
which was obtained with the high-frequency method.

The most recent work of Powers and Doyle,(48) given in Table 19, reported
the diffusion coefficients for nitrogen diffusing in tantalum obtained by inter-
nal friction, elasntte after- 8 ffects, and peak breadth measurements over th, ti"-
perature range of 190 to 350 C.

Table 19

Tents um-HiLrtugg e iffus".on Coefficients

Method of Measurement Dc2sQ
I (CW27sec) (Cal/mole)

Internal friction 0.0042 + 0.0020 37,500 + 500

Elastic after-effects 0.0060 + 0.0010 37,900 + 200

Combined 0.0056 + 0.0010 37,840 + 200

Peak breadth 37,100 ± 400
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The loR of the relaxation tim6 vs lI/T0 K plot for this data is given in Fig. 4.

Ferro(49) ralculaLd a theoretical value of Do and Q for diffusion of ni-
trogen in tantalum using the elastic constants of the matrix metal and the in-
teistitial atom diameter. He obtained Q - 35,000 cal/mole and Do - 0.008
cm /see. These results are in quite fine agreement with the better experi-
mental values.

Gulbransen and Andrew (50) measured the weight gained by a tantalum strip
heated in nitrogen as a function of time and temperature. The activation energy
of the rate limijtng step (assumed to be diffusion) was found to be Q - 396400
cal/mole. Measurements were made over the temperature range of 500 to 850 C.
The log D vs l/T curve is linear from 600 to 8500C, but at 500 C diffusion may
not be the controlling mechanism.

3. Substitutional Diffusion

a. Tantalum-Iron

The diffusion of the iror, isotope Fe59 into tantalum was
measured by Vasiler, Karmardin, Skalskii, Chernomorchenko, and Shuppe.(231 Fe 5 9

was added by electrolysis of FeC13 onto slabs of tantalum 150 WM2 in area and
0.4 mm tiick. Data from the four temperatures investigated (1514, 1313, 1254,
and 1203)K) may be represented by the equation:

D a 5.05 x 10 exp (-71,400/RT).

The authors estimate their error in D as being 307.

b. Tantalum-Silicon

Samaonov and Solonnikovo (34) applied the analytical methe.
described under tungsten-boron diffusion (page 3) to the rate of growth of the
TaSi 2 phase. An "activation enersy" Is given as Q - 6,040 cal/mole. This value
is exceptionally low andp as previously stated, the value of this data is ques-
tionable.

c. Lantalum-NAgbium

Preliminary data of thin author gives D w 5 x 10-15 cm2/Iec
at 1100°C. This value was obtained by diffusing a sandwich couple composed of
the pure •etals fot 16 days at 11000 C. The concentration vs penetration curve
was measured with the electron probe. Because of the very steep concentration
gradient obtained under these conditions of time and temperature, the data is
somewhat quesLutioble, but is given solely due to the lack of other data in this
system.

Tantalum diffusion data is summarized in Table 20.
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C. Diffusion in Molybdenum

1. Self-diffusion

The self-diffusion of molybdenum has not been measured, but may
be estimated from high temperature creep data and melt1ng point relations.

The high teperature creep data of Parke 56has been analyzed by Orr
Sherby, and Dorn.(97) They found the activation energy for high temperature
creep of molybdenum to be tN H - 120,000 cal/mole.

From the plot of activation energy for self-diffusion vs melting point
shown in Fig. 8, Q may be estimated for molybdenum as Q - 105,000 cal/mole.
LeClaire( 5 8) suggested theeam)erical formula, Q - 38 Tm, where Tm is the melting
point in 'K. This agrees quite well with the curve in Fig. 8. From this rela-
tion, the activation energy for self diffusion in molybdenum is •,,er, by I a
110,000 cal/mole.

Nachtrieb and Randler( 5 9 ) stated the em erical formula Q 16.5 A Hf
where & Hf is the heat of fusion. Kelley( 60 ) estimated , Hf - 6,660 from
vapor pressure measurements which gives Q - 110,000 cal/mole for self diffusion
in molybdenum.

LeClaira ( 19 0 ) developed a rather complete theoretical treatment of self-
diffusion from which he calculated the equation

D - 16 exp (-120,000/RT)

for the self diffusion of molybdenum. This value of the activation energy
abree8 well with the activation energy for high temperature creep and with the (59)
estimates from the empirical formuluof LeClaire(58) and Nachtrieb and Handler 5

stated above.

2. Intratitial. Diffugion

a. Holybdenum-Boron

The diffusion coefficient of boron JIn molybdenum was deter-
mined by Samsonov aud JdLysheva%,9) (using their method described on page 3)
from the recorded rates of growth of the Ho2B phase. Their values fit the equa-
tion

D - 4.74 x 10 3 ep [-(14,300 + 5,,400)/iT)

over the teqparature range of 1100 to 180W0C. The data is ashow In Table 21.
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"Table 21

Data on the Diffusion of Boron in Holybdenume 8 ' 9 )

Temp. D Q D C -C D(°C) (C - C2 ) (cal/mole) (cu2/sec) (g/cl 3 ) ('2/iec)

1100 0.2910 14,3)1 + 5400 1D + 260 0.281 4.74 x I0T exp IT

1300 6.0340

1400 7.2567

1500 9.6940 I

1600 au.J, A01
Iwo, 18.664

Ssoa nov(10) in an earlier paper gave the activation euerv a Q - 12,20C,
cal/mole. The dependability of the d.a" of these investigators boa previously
been dLscu-s1d and shown to be questionable.

b. lol3vbdem-Carbqn

Samsooa and Ltysheva( 8 ' 9 ' measured the growt.h ofthb No C
phase over the cemperature rwW of 1200 to 2000"C. sy applying the ivrevoualy
deacribe&Z a•1ysis, they obtained

D - 2.26 z 106 eVp (-(33,400 + 10,300)/IT).

The data is tabulated in Table 22.

Table 22

Data Obtained hy B• saoov sqd !

Qffuui4f lom Carbon In NolitewM(S,9)

Ow) (C ) C (cal/nole) (cm2/80 4
12o 0 30,,,0 1.0,• 1,,M ±7400 0.033 2. 2 6 le

1500 3.9712

1600 9.1920

1700 16.2360

1d00 21.4400

200O 36.080 __
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C. M01I bdenuMr-Hydro en

By heating a closed end evacuated molybdenum tube in hydro-

gen, Smithells and Ransley( 6 1 ) calculated the diffusion of hydrogea In .ullybdenum.
The amount of hydro.gen passing through the tube wall was measured very accu-

rately. Varying the pressure from 1.68 mm to 126 mm chaaged the diffusion coef-
ficient from 2.3 x 105 to 23.9 x 10-5 at 1673 0 K; however, the activation et,ergy
stayed constant. The units of D are the volume of gas in cm3 at N.P.T. diffusing
per second through 1 cm2 of surface and 1 mm thickness. Although the units of D
are somewhat different, the activation energy (Q - 20,200 calimole) stould be

couslstent with more conventional measurements.

More recently, Hill(18 5 ) determined the rate of diffusivity of hydrogcr in
molybdenum from measurements of the rate of gas evolution from hydrogen dopec
specimens. The molybdenme samples were heated in hydrogen at 1 atmosphere pres-
sure at temperatures from 1280 to 1700 0 C and then quenched in water. These sam-
pies were then heated in vacutuu over the temperature range 515 re 98ta :uu-. ig
which the amount of evolved hydrogen was measured. Their data may be described
by the equatiou:

D - 0.059 exp (-14,700/RT).

Tbti data appearb to be more reliable as diffusion data than that of
Ref. 61.

d. Molybdenum-Nitroan

Saithells and Ranaley 6 1 ' measured the diffuit' 1 of nltro-
Sen in molybdenum using the techniques described under molybdent-m-nydrogen dif-
tusion. They found that varying the nitrogen pressure gave different values of
D, but the activation energy remained constant. Changingtl e pressuge from 4.4
Sto 130 as caused D to vary from 0.39 x 10-6 to 2.1 xlO at 1773 K. Their
data for P - 130 - is given in Table 23.

Table 23

Data on tile PDffuaion of Nitroleli in Holybdsnum(6
1 )

Temp. 7 Temp. 0 x oI(oX) 0 t 107 (OK() t 0

1373 0,78 17M 16.5

1423 1.08 177:t 20.6

1413 2.12 1823 44.2

1373 6.10 1873 51.8

1673 10.80 ---
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3
The units of D are the volume of gas in cm at N.P.T. diffusing per second
through 1 cm2 of surface and I mm thikrkness. The activation energy obtaired

from this data is Q - 45,000 cal/mole.

Utilizing the data of Maringer and Muichlenkampf,0 9 5) the activation en-
i:Lgy for diffusion of nitrogen in molybdenum car. be cc.].cuaated by the method of

Wert and Marx( 9 6) from the temperature of tae internal friction peak. This
gives Q - 53,000 cal/mole, a somewhat less reliable -ml*ýe, then that of Smithetls
and Ramsley, but the agieeweat in uroL bad.

Ferro's( 4 9 ) calculations foc' the diffusion of interstitial into body-
centered cubic metals using the elast!c constants of the metal of the matrix
and the interstitial atom diameter, gives the activation energy for diffu~ion

of nitrogen in molybdenum as Q - 55,000 cal/mole. Thia compares favorably with
the value for Maringer'8( 9 5 ) data but somewhat less favorably with the data of
Smithells et el.(61J

3. §ubstitutional Diffusion

a. Molybdenum Cobalt

Byron and Lambert(97) prepared diffusion couples composed
of conceatri'. cylinders with a pure cobalt rod in the middle and a pure molyb-
denum cylinder bonded around it. These were annealed at 900, 1100, and 1275 0 C
and the diffusion coefficient determined from the rate of growth cf -the diffusion
znes. Samples were also prepared between pure molybdenum and 4to - 3.41M 0o alloy.
These wre diffused at 1500 and 1700°C. The diffusion grod"cni. vas dattrrned by
machining off layers and chemical analysis. By applying the hmtono, An•ziO, 0
was saohw to be constact between 0 and 3.4?. Co in WlybdomwM. Tha.'.t results are
given In Table 24.

Table 24

Holybdenum-Cohalt Diffuason at High ql,,+0,eZ M fm non*(97)

*0 70. / n3/*Oe. j

g0oo .0.1 X

Thase valhe. may be expressed as the relaretm -
D 1- 2.1Z x 1O'•0 .t.( ,8 /X )0

I- b



The data in general is rather poor. The concentration gradients, when de-
"termined, had insufficient points to draw a curve for a Matano aLialysis, and the
log D vs I/T plot has much more scatter than I.ILmal.

b. Molybdenum-Iron
(98) e f,

59 Neiman and Shinyaev measured the diffusion of radio-
active iron (Fe ) into iron-molybdenum alloys (24, 33, 40, and 48 atomic per-
cent mlybdenum) at temperatures of 1106, 1148, and 1183 0 C. Layers were removed
by electrolytic polishing from the samples after annealing, and the radioactivity
was counted. Log D vs atomic percent molybdenum, Q vs atomic percent molybdenum,
log Do vs atomic percent molybdenum, and log DO vs Q are plotted in Figs. 9, 10,
11, and 12 respectively. They showed that

In D - aQ + b

where a - 0.32 x 10-3 and b - 22 for the systems iron-molybdenum and iron-nickel.(99)

The exiotence of the Fe 3 1o 2 phase is strongly reflected in the Q and Do
values.

The data on first appearance looks very good. However, except for the 40
atomic percent molybdenum point, all tvieir data points are Laken in a two-phaveti
region, which is not mentioned in the article. This makes the data of little
value, since all they are showing is the change in the percent oi the alpha and
epsilon phases in their aamples which could be obtained from the pheee diagrad.

Grubs and Lieberwirth(100) prepared diffusion couples between iron-molyb-
denum alloya (6 - 12% Mo) and pure iron for diffusion at 12000C. Slices were
machined off and chemically analyzed. The diffuaion coefficient was determined
from the concentration gradient by the Grute method. No cosposition dependence
is reported. The diffusion coefficient was reported as

D - 2.3 - 3 x 1O-9 cr2/sec at 12000 C.

Ham(101) carried out diffusion measurements on samples of pure iron bonded
to iron-molybdenum alloys of 0 - 6. No. The samples were diffused at tempera-
tures of 931 to 12650 C. sectioned, a&n chemically analyzed. The data is given
in Table 25. The log D vs l/T plot can be seen in Fig. 13. In general, the
data is quite good, but there were only two teperatures used in the molybdeuwn-
alpha iron investigation.

The 'ollowiu& relationships were found to bold:
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Mo-Fe
Y

D = 0.068 exp (-59,000/RT)

Mo-Fe with 0.4 wt. 7. C
Y

D - 0.091 exp (-59,000/RT)

Mo-Feoa

D - 3.467 exp (-57,700/RT).

Table 25

Molybde.num-Trnn Diffus.on at Lc", Molybdenum Conccuat-ý "Ion(101)

Initial
Concentration Wm10(at. 7Z o) Wt. T, Tewp. Ph D 10

- Carbon (OF) Phase (cm2 /sec)

C C 2

0.532 <0.005 <0.03 2305 y 3.12
0.540 <0.005 <0.03 2204 y 1.A2

0.550 <0.005 <0.03 2104 y 0.613

0.540 0.145 0.38 2305 y 3.62

0.520 0.145 0."4 2204 y 1.05

0.530 0.145 0.47 2104 y 0.73

1.470 0.000 0.25 2301 y 4,11

3.607 1.928 <0.03 1708 of 1.23

0.585 0,004 <(.03 2300 y 2.40

1.475 <0.005 0.35 1708 y 0.0189

"1.o29 1.958 <0.03 2301 U 216.0
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c. Molybdenum-Niobium

Birks and Seebold(102) ran a diffusion couple of pure
niobium-pure molybdenum at 1100 0C for 48 hours. The penetration curve was steas-
ured with the elertron probe microanalyzer. The conLpntration gradient extended
over a distance of 6 microns which is considerably too small to get sufflicient
data to analyze by the Matano method. However, the diffusion coefficient, as a
function of composition, was dOterrined by thr. M.tarv.. . re.e values are
shown in Fig. 14. A re-evaluatiot, of this data demonstrates that the D Valitles
given are a factor of 103 too small. This correction has been made in Fig. 14.
D varies between 3 to 7 x 10-14 at 11000 C over the composition range of 0 to 100.1
molybdenum.

d. Molybdenum-Nickel

Budde(103) measured the diffusion between pure nickel and
nickel-molybdenumn alloys up to 20.8 atomic percent molybdenum. His data is
listed in Table 26

Table 26

Data for Nickel-Molybdenum Diffusion(1 0 3 )

Temp. D
(°C) (cm /sec)

1120 1.43 x 10-10

1290 1.03 x 10.9

and may be represented by the equation:

D - 0.0134 exp (-500800/RT).

Since this investigation wAs carried out at only two temperatures, the D0 and Q
values 2re quite uncertain.

Swalin, Nartin, and Olsen(104) carried out ditfusion between pure nickel
and Ni - 0.93 at. % Mo alloy at temperatures ranging from 1150 to 14000 C. The
sawples were sectioned and chemically analyaed. A plot of log D vs I/T for this
data is shown in Fig. 15. The dikfuaion-temperature relation for this system
may be given by

D- 3.0 exp 1-68,900 + 1,000)taTI.

Good prtecison Ias beau obtailed by careful experiftentetion.
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"e. Molvbdenum-Titanium

Shewmon and Bechtold( 1 0 5 ) measured the magnitude of the
Kirkendall effect in molybdenum-titanium diffusion couples. Cou.lve. were pre-
pared with the pure metals and ThO2 was included as the markers. No diffusion
coefficients were measured. Their data is tabulated in Table 2/.

Table 27

Kirkendall Marker Movemcnts in V"-Aobdeaum-
Titanium Diffusion Couples(105)

Temp, Time
(°C) (min) (in.)

1470 4135 10.7 x 10-3

1605 380 8.9 x 10-3

1640 120 6.8 x 16-3

1400 3228 4.9 x 10-3

If the markers are assumed to be at the same concentration fcr each sample, and

2since x -2y IN for any composition, then a plot of 1o8 E_ a

the activation energy. This treatment yields a very good straigit line with Q r
101,500 cal/mole, a value which should apply for a compositPet somewhat greater
than 507, titanium since the markers moved into the titanium. Such a value is
not unrealisttc but may be somewhat large,

Diffusion has been carried out by Goold"1 0 6) between pure titsanium ad u
Ti - 8.1 at. % (15 wt. .) Mv alloy at 938 to 124 8 QC. Samples were aectioned and
chemically analyzed. The diffusion coefficient was determined as a function of
concentration by itans of th, Matano anslysis, ThO. markerp were included LA
some samples in order to determine tho intrinsic ditfusion coefficienta. D as a
functlon of atomic percentr molybdenum to shown in Fig. 16. For I at. % H•, D
may be given by the formula

D - 1.0 x 10'5 exp (-(24,000 + 3,400)/RTl.

At 1250 0C, the intrinsic diffusion cooff(Clents for 96 at. % Ti are:

DTi *6.12 x 10"9 cM 2 /Svc

D 'ý 3.95 x 10- co2/ge

WAD. 11A 60-79. 50
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Although the data was taken with great care, the activation energy is
quite small compared to other diffusion data with molybdenum or titanium. A
full description of other titanium data is given later in this report.

f. Molybdenum-Thorium

Nelting( 1 0 7 ) using the thermionic emission method, obtained
the values for diffusion of molybdenum in thorium listed in Table 28.

Table 28

Diff46ion Coefficients for Diffusion of Molybdenum in Thorium( 1 0 7)

D lTemp.
(cm2/see) ....

I 3.6 x 10-l° 1615
12.3x 10 1700

1 xlO 2000

If log D vs I/T is plotted for this data, one finds that Q 176,000 cal/mole.
This is except 4 naally large which leads one to doubt this data.

g. Wnlýhdenum_-Silicoq

aamsoaov and Solonnikove a(34)ppWW th oaysia dwribe4

under tungsten-boron difft*io0 (pago 3) to tha rateof gro%th of the HoS11 phase.
An activation energy vas givon as Q - 9,470 calliole. whe doubti" validity of *hl
work of these al haors a been discussed earlier In this paper.

h. f.lyhde•to.,.•uu

A very complete investLiation of the diffusion in pe
wlybieouu-uranium .yetto haa beev carried out by Adda, and Philibert.
sure bonded diffusion couple# wvro prepared b~tvupn pur* ariauioa and sn alloy o"
U - 30 st. I.Mo. Diffouton aenneas W-r ctvrite, out Wtimean 850 and I00°Ct and

.e concent:Attso Cradidnts oo*t deter•ined vith the electron microbe*m probe.
The diffusion coefficient. And the setivation enerSies were determinted as a faic-
tion of the co,:oentratn, li*s dati .6 given in Table 290.d mway be saen in
P~igs. 17 Oud 18.

Intrinsic diffusion co ffciefn.s vere aiso swasured. This data ti sum-
maried in Table NU end is shown grlpleslly to Fig. 19. The care with 'hUch
thete experimento were perf-erud to reflected in the high quality of the Ata..

A tamry of diffuslon it! aoly-deuma it given in Table 31.
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D. Diffusion in Niobium

1. Self-diffusion

Rebuick and Castleman(94) vapor-plated Nb95 onto niobium sheet
by hydrogen reduction of NbCl 5 . The specimens were annealed in pairs with the
active surfaces facing each other in the temperature range of 1585 to 2120°C.
A log D vs I/T plot of this data is shown in Fig. 20. Although there is a fair
amount of scatter in this data, a sufficient number of data points have been
taken to give a good average value. The data fits the equation:

D - 12.4 + 0.8 exp [-(105,000 + 3,000)/aT].

This activation energy is in excellent aereement with the values predicted frow
the melting point(58) and from the heat of fusion( 5 9 ) of niobium.

2. Interstitial Diffusion

a. ltiobium-Boron

Samsonov and Latyshavala(e'q) technique (pa&e ) Vas used
by them to determine the "diffusion coefficient" of boron in niobium from the
measured rates of gro-th of tho HbBZ phase. The reletionship found wat:

D - 4.74x 10 3 l ep [-(14,300 + 5,40O)/AT]

over the temperature range of 1400 to 2000eC. The data it given in Table 32.
The validity of the data of these Investigators haa previously been discussed
and shown to be quaationable.

Table 32

1H.obWu..-AoroP Diffusloik Data UVing the Analytical
Met hod of soneonov 4SdLsatyoshvsa ,9

Tealp. D D C - c

( C) (C - C2) (cattmole) (C.2/0ec) (4itcm) (ce 2 /see)

1400 5.4550 14,130 + 4900 1420 + 280 0.254 5.62 x 10 enpv lT

1600 9.5490

I300 12.1980

WU ,C0 6079.06
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b. Niobium-Carbor,

Samsonov and Latysheva(8,9) measured the growth of the Nb2C
phaue uver the temperature range cf 1000 to 2000°C and by applying their analy-
sIs, they obtained:

D - 3.14 x 10A exp [-(18,900 + 5,700)/RTI.

The data Is shown in Table 33.

Table 33

Data on the Diffusion of Carbon in Niobiam1 8 '

Temp. D Q D 1 C - Ci D

C) (C - C2 ) (cal/mole) (cm 2 /sec) (8/cm) (CM /see)

lO00 0 18$900 ± 5700 2120 + 400 0.067 3,14 x 104 exp .: 18 490)

1300 4.8950

1400 6.7650

1500 9.5590

1600 13.2000

1800 16.7200

1900 19.6900

2000 21.9450

Wert~t4 measuring Inte'nal fricioni. wtl.h tLie torsion pandulur., found thth
diffusion of carbo tin ntObium fltttel the equatton,

0 - 0.015 eap (-27,000/1T).

This actieation energy is somewhat lowor than the more accurate datv of Pove'e
and oyl (•) and mar be due to oxygen contamnation of the saipie. Oxygen dif-
fusion has an *re,LvstLoa energy ae'ound 27,O00 cal/sole.

Internal ftEic 8ti measurements with the torsitu pendulum wero carried out
by Powers end Doye.'9-) on nlobitpw sa.Ales contalting earbon. The carbon con-
tent was 0.03 vw. X C. Heasuremente were ma de at 237.5. 238.3, 259.3, and 261.60C
at appli#A frequenclea of 0.155, 0.165, 0.568, ar 0.710 cycles pet second reapec-
tively. Their data way be represented by:
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D = 0.0046 exp [-(33,300 + 900)/R'r]..

The error ih Q is slightly larger than usually found In internal friction work,
but this is due to the rapid aging of the carbon peak.

The most recent work of Powers and Doyle,( 4 8 ) given in Table 34, reported
the diffusiou coefficients of carbon in niobium obtained by internal friction
and elastic after effect measurements over the temperature range of 140 to 261°C.

Table 34

Diffusion Coefficients for the Diffusion of

Carbon in Niobium as Determined
by Inr.ernal iritcr.ion Neasurements( 4 0 )

D Q
Ma,.hod of _ easure__ n- cm2/'Bec) (cal/mole)

Internal friction 0.0050 ± 0.0050 33,200 + 900

Elastic After-effec:a# C.003S + 0.0005 33,000 + 100

Combined 10004G C_ 0.OOC7 33,020 + 180

The loh of the rolaxiaon !ime "*a )TO° for this data Is pl,."'-d in Fig. 4,

A comparison of this superb dats wb :.hat of Smsonoov 3nd LWtvthevs once again
shows the doubtful validity of d'e work presea.ed in Rars. 8, 9, and 34.

c. Ej ob~w-tvdtn•

Gulh-anamn .Atd An•rewv measuted the weight gain of niv*
blaw hve.tod in hydrogen of a inen' ton of time iand temperature. The teaetton was
obo8 rved to start go 25t)0C a--d 'he tua,.e increased as ',ho ýIme progressed. At
300 C, the curve of weight gaited %a t ime was linear. A#, 350AC, the rate do-
crt eod as the time progressed. Above J,° C* %he os~mple lost weight as the low
tomperatare hydride ds'composed. Bezwten 700 aa'd 900oC, the rate followed 4 para-
bolic law and probably was diffuslon conutoled tin this tersperature range. No
diffusion coefftcient was gi;vn due o the dliferet.. reaction rates at tit dif-
ferant ctitqm•eraures.

Albrecht, Goode, and Melleft(l10) P+alusfvd tthe absorption of hydrogen by
nioblu. This was stated to be diffusion rontrolled (obeyed a parebolic rate
tow) between 600 and 700°C, and therefore date was taken at 600, 650, and 700 C.
T relationship obtained was

D - 0.0214 cap 1-09,i' 40 600)/fT).
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The data appears to be very good, but in view o,' the rcsults ef Culbransen
and Andrew, crution should be uned in applying the data outside the 600 to 700 0C
temperature range.

Applying the theory of Ferro( 4 9 ) to the diffusion of hydrogen in niob.um,
.the following rhz.,retical diffusion coefficient can he czlculated:

D - 0.0004 exp (-18,O00/RT).

The success of this theoretical treatment in other systemli haa been excep~ional,
but the agreement in systems with niobium will be seen to be less than satis-
factory.

d. Niobium-Nitroeen

Powers and Doyle(109) carried out internal friction measure-
ments with the torsion pendulum on niobium bamples containing 0.0184 and 0.0215
weight percent nitrogen. These tw nitrogen contenat gave the same diffusion co-
efficients. Measurements were made at 267.3, 274.4, 285.5, and 295.3 0 C at ap-
plied frequencies of 0.349, 0.542, 1.005, and 1.728 cycles per second respec-
tively. Their data fitted the equo'tion

D - 0.0072 oxp [-(34,800 + 200)/aT).

Thu diffusion coefficients of nitrogen in niobium obtained by ,ternal friction,
elastic ar.. . 0 ff.cta, and peak breadth meaurements over the t- rature range
of 150 to 295 C, reported In Powers and Doylee.( 48 ) most rcc,,s work, are shown
in Table 35.

Table 35

hIobium-Nitroyl&n Ditffuston Data of Powers and Doyle(4'8)

- .

Hath;%d of Noseurewene j Qcnsc
r(cm27eec) (cal/mole)

Internal Friction 0.0081 ± 0.0020 34,800 + 200

Elastic After-effects 0.0087 + 0.0008 35,000 ± 100

Combined 0.0086 + 0.0007 34,920 + 90

Peak Orvedth 34,500 + 100
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The log of the relaxation time vs '!T0°K plot for this data is inaicated in
Fig. 4.

Marx, Baker) and Sivertsen(52) extended the temptrature range of internal
friction measurements by employing a high frequency method. By using both the
torsion pendulum and the high frequency method, measurements were made over the
temperature range of 2V5 to 583 C. They reported an aetivation energy of Q
35,700 cal/mole from this data. This is in fine agreement with the above men-
(ioned work .f Powers and Doyle.

Ang(51) made internal friction measurements with the torsion pendulum
over the temperature range of 285 to 3100 C and the values are related by:

U V- U.UUU exp k-3tl0O/RT).

The .:.-tght gain of a niobium sample heated in nitrogen as a function of time
and tempetature was determined by Gulbransen and Andrew.( 5 0 ) The rate limiting
process wa6 assumed to be diffusion, due to the parabolic relationship between
weight gained and ttur over the temperature range Investigated (400 to 8ooC.
A value )f Q - 25,400 caliwie was reported.

Albrecht and Goode(111) measured the absorption of nitrogen by niobium.
Their data was found to fit the equation:

D - 0.061 exp (-JU,800/RT).

The data of Powers and Doyle(48,109) and f Naarx, Baker, and Siverteen(52) rep-
resent the beatr diffusion data for this sysve•. The weIght gained and the ab-
sorption data are probably quite reliable but are n•tt clar as to the otchainis
or m•chatilas responsible for Lho observed dat.*.

VPtr-os(49) calcolattiont for the th•oretlest values of V and Q for diffusion
of nitrogen in ai-bium given

Q = 20,000 ral/mole

0 0.02C ci 2 jaec.

Diffusion of oxygen it niobium has been aeasured by inter-
nol Giction m0t•dst,ewi,&ht aiti athoda, and uicrohardneas traverses covering
tht temWeraaure rJan¢V of 140 to 100o0C. he agreeownt betueen all the investiga-
Cotre is ery go4W vith the possible exception of the veight gaint r-terainati"o.
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The recent work of Powars ati Doyle (48) in diffusion of oxygen in niobiom

is very good. They obtained diffusion eoeflicients by internal. friction, elas-
tic after-effects and peak breadth mieasu~rements over the temperature range of
40 to L50 0C which are given in Table 36.

Table 36

Iliobium-0zygen D.If~usoin D~ata by Powers gn-d Doyle (48

IMethoe of M4easuremenkt (7e) (aIo

Iteral 1riction 0.014 + G.004 26,6C'o + 20Q

Slafitic ofter-eiffcts 0.026 ± 0.0.09 127,000 ± 300
CombiiPed 0,0202 + 0.0013 j26,910 + 250

!L-itbreodth ________ 26,700 ±20

Tito log -if rho relaxation ttms va I/TOW for this data to plotttd In Fig. 4.

Internsl f~riction work by An (5) btainod with the torgicon pendulum over
the temperature range of 148 to 1680CO ritW* thei fllov.LaS oqusttoa of niryW N
diffusioa in ninbiuin.

0-0.0147 earp (-27,600/R?).

Miarx, iao~r. an(u .v'wsrtsen (52)Sdo intprnal rictifor -±@nt over
t~he t~eu~aftlro rango- of 30 .48 137fLC. This was daie by using tmth the tursion
pst-n-uua *~n4 the hiev trzVaan~' mettwtio. They reporttd aia ootviatton ~saergy-
of 26,000 c~holo1*.

(Giikbr44seat and Andrevs o mermn a tre oe',tanf vWi the woa
gain ot s to1obtum o"I~ heetod to ozygtn is a fnnotioo ot ttoe *o~ te~craRwao,
Vram thia d~t** diftuasloi -raotftcivsits~wi ieerteua # for tbe 'teiperatur rgen

o 0toý 375 aa L~ad 'tol n roaletoa*h-3- vas

cowarrif.wn oft this daLa witlý Cbmmr t~o~eialabla tontern ftlct$44ýi. OaaWrsinaft
h~wd I~a tisvalue of 0 i 1. littl sall and j ito too .mawl by 10'

The ctk1Cnr4Qadno gf*W Of Ayrvn diff.)"#d Or niobiaty -V36 caktutW44
by J.*fl'ee, 9K0Ph , po d Siza(11'2 Iftt Witrohstaiwo.. We.*geAnt~fC by 000nmlug ttbc
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hardness Lo be tlnear with tho n-ygon concentratlon. Meazrcments were made at
600, U0 and 1O000C. The average diffusion ceieffictents at each of these tem-
peratur:es is listed in Table 37.

Niobium-Oxyaen Diffusion Data of Jafftee, KlORp on4 Sims(112)

T mp. D
( C) (cn2/sec)

600 2.4 x 1

3.5 x 10-1

2.1 1 x lO

T.z data may be. expressed as

D - Q500407 eap (-24,90o/1T).

A plot of the I*o D vs IX/TI value* to shown in F7i, 21.

Crzbipetle' deorpooted a radto-iswop. of titenitua -onto
titttium-natobtum etloy. o1 varying e•aoeition. The t/eenitm Isotope used h.N"
ahalf-1tfe Of 1OWTtev. see04s It* tthe dtitvais-V Of ito deCa-y ProdUCt, s~

day half-life), was actuolly btiag .mceeut'd, flat *moles of 0#e alloy, IS 0
in dl•-ater and 2 oa thic•k vert pnepa-ed by sineerlns. The radloascttv* Wtan
WV powder vat Mated betvev tva slices ef the .it-tar. alloy sad diftuasi at
1000 atnd I1200 C, The rttdtoctivity v*a •*O*UV@ at thAe end At -th e |le As a
twictcad -,f time. VUe dAta to Tabl 3$. uaa obtained from these oatsurvaetwt.

rat uacttvatict Vne-rgy oad the diE fusion Coit-tislent Ma a tuAgction of Caw-
position are *hotea in ?ige, 22 and 23, TWo peak* ,ere observed i the a.ctivaeLo
energy plot toblch correspoad to the t oA itiw ?itb ad fl 2 1b3 , ThesWt proba-td
bly tno rto•ns of e6tilrt r$. order ao twese pAh#o are iint n the published

Cofttkions vv ma-e in this dOa for Ott porosity of the otntr*ed atnt-
rielI bUt om doubt exist.a 4q tv hbanwr t!• eýrrejtinas vere adequat. The
reported 0 valute are rather large for dlffcttO-, b,,tkte. CiflntA of relatively
hbi m.ltgina pouttA znd two tf".leratu•rtt ate Wirdly at4ust* tot- l±•tmiutr Qa.
UW dta thou k 4 ttitely e r "s b.
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o 6  Table 38

SDiffusion of Sc/6 into Various Titanium-Niobium Alloys

D x 107
At. '4 (cm2 /sec) Q

Ti N• 1 001 (cal/mole)

== F -100 1.125 3.05 13,010

10 90 0.731 8.80 17,160

20 80 0.381 5.11 19,900

30 70 0.521 3.17 22,990

40 60 0.795 2.92 32,790

"50 50 1.250 2.32 11,470

60 40 0.481 1.67 13,500

70 30 1.045 1.94 1,500

80 20 1.710 2.00 30,150

90 10 4.506 11.74 15,770

100 1,525 4..2 25,290

b. Niobium-Chromium, Niobium-Iron, and Niobiui•.-',ckel

Diffusion anneals were carried out by Birks and Seobold( 10 2 )

between diffusion couples of the pure elements, Nb-Cr, Nb-Fe, and rlb-Ni. No
diffusion coefficients were obtained. Concentration gradients were measured on
tho samples with the electron microbeam probe. The data is very incomplete and
of doubtful value, but is given below for the Bake of completeness.

Table 39

Phases Found in Niobium-Chromium. Niobium-Iron and
Niobium-Nickel Diffusion CoupleG

Time at Width of
Diffusion Temp. Temp. Diffusion Phases Appearing
System(hr) Zone (microns) in Diffusion Zone

Nb-Cr 1100 71 10 NbCr 2 ) NbCr 7167 NbCr, NbCr 2 , NbCr 7

Nb-Fe 25 NbFe 2

Nb-Ni 1015 25 Nb2Ni, Nb~i, NbN13

1100 Melting occurred
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.. .. Lu attu Lemperature. Ar activation energy
for this process is given as Q = 11,720 cal/mole. The doubtful validity of
this value as the tctivatioa onergy for diffusion hab been demonstrated earlier
in this paper.

d. Niobium-Uranium

Diffusion anneals were carried out by Peterson and Ogilvie( 1 1 5

on samples composed of the pure elements at temperatuccs of 800, 892, and 9960C
and at times of 4 to 4? days. The concentration gradients were determined with
the electron microbearA probe. In order to determine the diffusion coefficient
in the composition range of 0 to 10 at. % Nb the Matano analysis was applied. A
previously unreported phase wa:, obocrved in :he diffusion couple.i, which may be
an unstable phase. The data was found to fit the following equations:

for 99.5 at. % U

D - 3.4 x 10 exp (-25,800/RT)

for 9. at. % I

D - 9.6 x 10-7 exp (-23,400/RT)

for 90 at. %. U

D - 2.4 x 10-7 exp (-21,800/RT).

Intrinsic diffusion coefficients were determined for 99.5 at. % U, which
may be represented by the following equations:

DU 2 x 10 exp (-23,200/UT)

DNb 3.1 x 10-6 exp (-25,800/RT).

This data is plotted as a function oi 1/T in Figs. 24 and 25. Uranium is seen
to diffuse 150 times faster than the niobium at 99.5 at. % U.

A summary of diffusion in niobium is given in Table 40.
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A. 2iffusion in Platinum

1. Self-diffusion

Kideon and Ross(93) evaporated radioactive platinLa onto the
surface of one centimeter diameter rods, 0.5 to 0.25 cm thick. Two such pieces

were2 then welded together with their active surfaces in contact. The samples
were diffused in the temperature range 1325 to 16000 C. The samples were sec-
tionef! and zhe activity of the sections was counted. The data is shova below.

Table 41

Diffusion Data for the Self-diffusion
of Platinum(93)

Tamp. D =

(OC) 0 see©)

1375 3.089 x 10 _0

14.0 9.760 x 10"10

15L, 1.822 x 10-9

1600 4.092 x 10-9

A plot of log D v. LIT i1 shown in ,, 26. 1his figure illustrates that

the t:atter in the data is quite low. To% :'.'&uas obtained may be represented by
the 'uaton;

D a 0.33 exp (-I* ', lIT).

2. 1nterst~itital Diffusion

Pt ljty.*-Rydropan

Hm(116) measured the rate Gt flew 4f hydrogen through platinum

foles i-.0133 cm thick at 600p 700, and 8000 C. AlthASh the dats to treated in
a som hat different manner than normally found in p ysical metallurgy, the ac-
tivet n energy should be In agreement vith that obt. .r.ed from standard measure-
mout, Q is given as 18,000 cal/mole with very littl" ACAttar in the date.
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3. Substitutional Diffusion

a. 7latinum Gold

The diffusion between pure platinum and purl. gold, at 1002
and 1038°C was reported by Bolk.( 1 1 7) The samples were bonded, diffused, and
sectioved. After the removal of each section (20 to 500 microns), a Laue-back
reflection picture was taken and the composition was determined from the lattice
spacinsa. The diffusion coefficient is plotted as a function of composition in
Fig. 27. No activation energies were reported as measurements were made at only
two temperatures. However, intrinsic diffusion coefficients were determined and
are listed in Table 42.

Table 42

Intrinsic Diffusion Coefficients in
Platinum-Gold Syvts (ll).

'T. Gold atTemp. 1) u tarker
(°C) (cm;aec) (cm /see) Interface

1002 2.50 x 10o 5.3 x 10 94.8

1038 3.49 x % -9 4.1 x _0" 96.2

A sharp discontinuity was found in the concentration vs dotazice plot*, corre-
sponding to the too phas.w tegloa a + a2 in the phase diagram reportod by
Darling, Mintern, and Chasto,.(118)

Joest(19) studted the diffusion of told from an electrolytically plate•
layer into an alloy of 80 vt. % Au - 20 wt. % Ft. The diffusion wae carried out
in a single phased region. No msuraentd were made as to the effect of como-
sition on the diffusion rate. The reported data is given in Table 43.

Table j3

Plattnu-Gold Diffunion lat& at IlliLhS... old' Con-t-ro t ionsMVl)

teq>. 20

S(0C) (CM /s&c)

740 4.7 x 1071
824 2.2 x 10'11

42Y 6.2 x 10'1*O

-60
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This data may be found to fit '. equation:

D - 1.24 x 10 exp (-39,000/R').

ThAs value for D at 9860C agreea qute well with that obtained by Bolk
for 1002 C.

(120)
annealed pure gold - pure platinum diffusion couple& for 5

days at 900°C. His sectioning technique was not anod enough to pick up the
discontinuity; consequently, he plotted the penrotration-coioattion curve a8s a
continuous line from wti;ch he deduced a much faster diffu4u of platin-us into
gold than ot Vld into platinum. Due to this obvious error, the dat& will not
be given here. It should be mentioned that Hgtao( 1 2 1) used thtik d4ta te aal-
culate the diffusion coefficient as ad futction of co~oeitloap 'P h, COt -
quontly* is also in error.

(122) The diffusion of platinum copper .eas iveCtia&*4•d by
eat2no over the conceatrotion ranSt of 2.4 to 3.5 at, 7 Vt (I to- 10 wt. . Vt).

The Op4cI•imn wre ground 3vay in steps, After eech 4tep the lattic* paraiter
of the Xreund eurioce viae "Lermeldu by x-ray diffractior, from vbtai the Capo-
sit.on vas dstsmieo. The dots 19 rpor tad ln Table 4.

Platinmg-Cagr Diffulon Data at Stah
Copper Concentalions

Temp. 0(Of) (a2 /sec

490 !;.a x C10 O

700 -.11•"•

8$0 3.5 x 1011 j
960

The equstion

D - 1.4 a 10 - exp (-21,900/9T)

repravante the relotionship for the valu, obtalmed.
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Kubaschewieki and Ebert (2)carrie~d out diffusion in the platinum-copper
system at: high platinum concentration. Pure platinum was bonded with a 95 wt. 7. Pt-
5 wt. %~ Cu (13.9 at. 7% Cu) alloy and diffused at etamperatu~ee from 1041 to 1401 0 C,
Layers were m~achined off and x-ray; diffraction patterns rtueorded. From these Pat-
terns the coinpot~ition was determined from previously prepared standards. The
values founid are shown ini Table 45.

Tble 45

1041 2.2 x 10

1150 1.1 x 1

1.6 x 10~l

1213 1.4 x 01

1401 6.7 x 100

This 4ts may bo ropr..setad by the "ustion:

0 4.9 x 10~ #V (-55,M00/a).

to the 1*9t tiuo roforencos, suporb date h** btian ro, ort~d for th, a 4 1
platinum and lov platinuis aorttio'i of the copper-ph.r-Inum system. Ibit may
well bU sufficiont tot, lma alloy daevlopmnt purposes 6ut for acadsoic ree-
toItoo the diffusion data and aep~calhly the activation etn.:gy datt., %Ay bi far
move lar.ttnata In the r#Sion of the ordered Cu 3 P sand Curt phavse.

C. Plot* 1-~kC

Kiubaechowki and Atwirt~ (13)alo studied the diffusion in
the high platinum portion of the platiwjm-nickti syatem, Furs platima was
banded to an e16 lo of 94.6 vt. ?% Pt - 5.2 ot. % 1 Wi nd diflured at te~aratutae
from 1043 to 1401 C. The coW~osittoa along the diffusion couple was dattamined
I r-, x-ray diffraction pottorvae of msChtud eactifts. 'the date Obtsaind io
given sia 'rable 46.
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Table 46

Diffusion Data for the Piatinum-Nickel System

at High Platinum Cone nt :ationsTfl3)

Temp. D

I_(C) (cmL/sec)

1043 5.3 x W0-1'I

1149 1.8 x 10-10
1241 4.9 x 10-10

1374 1.5 x 10-9

1401 1.6 x 10-9

These values may be expressed as

D = 7.9 x 10- 4 exp (-43,100/RT).

The data appears to be very good with i. - than a normal amount of scatter in
the log D vs l/T curve.

A summary of diffusion in platinum is given Wn Table 47.

B. Diffusion in Hafnium

1. Self-diffusion

The self-diffusion of hafnium haa not been measured. How6ver,
estimates of the activation energy may be obtained from melting point and heat
of fusion relations.

The best vali:e for the melting point of hofni,,m is 2222 C as determined
by beardorff and Hayea(1 24 ) (This value is considered best as their hafoium
contained the least amount of impurities, the main impurity usually being zir-
conium.) F-cm LeClaire's relation,(58 ) the activation energy for self-diffuaLon
in hafniuw is Q a 94,800 cal/mole. The plot of activation energy for self-
diffusion vs melting point shown in Fig. 8 enables Q to be estimated for haf-
nium as Q - 94,000 cal/mole.

Nachtrieb and Handler(59) stated the empirical formula Q - 16.5 & Hf
where A. Hf is the heat of fusion. Kelley(1 2 5 ) gives /Rf - 5,790 cal from
which Q is calculated to be Q * 95,500 cal/mole.
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From these different eEtimated va-ues, the value Q - 95,000 cal/mole may
be taken as a reasonalle estimate for the activation energy for self-diffusion
in hafnium until a good experimental value is obtained.

2. Interstitial Diffusion

Hafnium-Oxygen

The hafnium-oxygen system is the only hafnium system in which
diffusion measurements have been made. PemslerO 2 6  measured the rate of diffu-
sion of oxygen in hafnium by observing ths. rate of dissolution of oxide films
into the metal In vacuum. Samples containing 1.45 wt. % Zr were electrolytically
oxidized in a solution of KOIH to a known layer thickness. The size of the oxide
layer was measurcd by the weight gained by the sample. The color of the oxide
(a measure of its thickness) was ,obscrved during the diffusiova .t venuiv. The
parabolic rate of disappearance of the oxide film on the hafnium suggests that
the rate-controlling step is the diffusion of oxygen in hafnium. Diffnrent
orientaLlcni of the grains caused the rate of disappearance to vary by us Auc0
as a factor of two.

To calculate diffusion coefficients, Pemsler had to Assume values for t0a

density of oxygen-saturated metel, the density of monocliatc hafnia, tnd the.
solubility of oxygen In hWfnivm. The theoratical'density of 10422 g/cm3 wa-A
used foi. the monoclinic HfO2 . The value of density for tie. oxygen saturated
"metal was taken arbttrarily is 13.5 S/cm3 . !o datx ior the solubility of oxygen
in hafnium are known, so the diffusion coefficients were calculated for threa
assumed values of oxygen, 20, 30, and .40 atomic percent, These vailues should
bracket the actual value as the solubility of oxygen in titanium.oxygeu is 34
atomic percent oxygan and zirconium-oxygen is 29 atomic purcv"'i oxygen. The
diffusion coefficients may be expressed by the following equations:

for 20 at. % 0

-D a 1.4 exp (--ý.,830 + 200)/a?)

for 30 at. % 0

) - 0.47 ex ti-(510850 ± 200)/RTI

for 40 at. % 0

1- a0.14 exp (,-(51k85O ± 2. )/tO)t.

The ex•erimntal macura•aait hve been perforued with good precision but
the lack of knowledge of certain valuo lW to the precision of the tesultins U
values.

Smeltser and 8tutad ( 1 2 1) studied the ogidtaLon of haiotum conteininp 5
weitht percent &irrctmiu* to pure oxygea at 760 r K& pressure In tih "eerature

UAD 110-1913



range 35 to 1200 C by observing the weight gain as a functi.on of time. Only the
parabolic region of the curve were used for diffusion constants. Thomas and
Hayes( 12 8 ) plotted the weight gained per unit area vs l/T for Smeltzer and
Simnad's data where the parabolic rate law is obeyed. From this, they calcu-
lated an activation energy Q - 56,000 cal/mole which is In good agreement with
that obtained by Pemsler.

C. Diffusion in Zirconium

1. Self-diffusion

The sel.f-diffusion of zirconium may be estimated from the melt-
ing point and heat of fusion relations as no diffusion measureisents have been
made. From LeClaire's relation,( 5 8 ) the activation energy for @41f-diffusion
in zirconium is Q - 81,000 calimole. From the plot of activatieý, energy ior
self-diffusion vs melting point shown in Fig. 8, Q may be estimated for zir-
conium as Q - 80,000 cal/mole.

Using Nachtrieb and Handler's empirical formula(59) and Kelley's value(125)
of A Hef 4,900 cal, Q is calculated to be Q - 80,800 cal/mole.

Theie values are probably fairly close to the true value for beta zir-
conium. the activation energy for self-diffusion in alpha-zirconium will be
somewhat di o'eut, )rI•b' .•'rfCr.

2. Interstitial Dif fusicti_ •--

as Zirconiuiu-Carbon

Samsonov and Latyaheva(8,9) determituid Lho difikution coef-
ficients for diffusion of carbon in airconium in the range 1000 to 1600°C by
appl;?ing the analysis outlined under the cungsten-boron system (pegs 3) to the
growth of the aircoutum-carbon phase. The data may be deecribed by the equation

D a 4.S2 x 103 exp [-(170900 ± 50,6N)/T.

Table 48
Zir•cnium-.Carbon Diffu3ion Data UWqnA the Semaonav

and Let-yosha,a TachnigyVOM71

Tam. DQ Do C D
(OC) (C - C2) (calal~o1) (cm2/eec) (4/c) (0/10ee0)

017,900 ± 1610 ± 340 0.4_01 4.52 x 10 sp
1200 2.4"20

1400 & 1356

-1600 . 8.6.12,2 8
Q•JAD •T 6.0-1•93 86



b. Zirconium-Hydrogen

Mallatt and Albrecht(129) measured the diffusion of hydro-

gen into zirconium containing 0.02 weight percent hafnium. The samples were de-

gassed in vacuum and then heated in a hydrogen atmosphere for various times at
temperatures of 305 to 6100 C. Layers were machined off and analyzed for hydro-
gen. The diffusion data is shown below.

Table 49

Diffusion of Hydrogen in Alpha-Zirconium at
Low Hafnium Content(LZ9 )

Temp. D x 106 Temp. D x 106

(OC) (cm 2 /sec) (OC) (cm2/sec)

305 1.7 486 6.9

350 2.0 567 9.7

410 3.7 610 13.0

446 5.2

These results are shown in a plot of log D ve I/T in fig. 28. The data

way be represented by the equation:

D a 7.0 x 10-4 exp [-(7,060 ± 260)/A).

Surface films can easily lead to erroneous diffusion data when the diffustne

element is in the gaseous phase. Great care was taken in this work to reduce

theae effects.

Earlier data by Schwartz and Neslett (130) on diffusion of hydrogen % ,sitr-

conitm was obkeined for mirconium containing I w•ight porcent haftium. The
value-i are given Wit Table 50.

Sable 12
Diffugian of fIlvdogen in Alpha-Zirconiti

~pntin~n i~Aj~ StjI 30)

4OOI 6
SO0 10

.*ý ZOO 16 ..

W O it 60I4
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This data is not as complete nor as reliable as the more recent data reported
in Ref. 129.

Sawatzky(191) obtained cylindrical specimens of 5 to 6 ppm of hydrogen ly
vacuum degassing at 8300 C. These samples were then auraded with 600-A carbide
paper and subsequently heated for various times at different temperature in a
hydrogen atmosphere at 200 m pressure. Turnings were removed from the diameter
of the specimen and the radial distribution of hydrogen was determined. Table 51
lists the values reported.

Table 51

Diffusion Data for Hydrogen Diffusion In Zirnalay-2(191)

Temp. Dial 106

(0c) (cS/siec)

261 0.80

315 1.70

358 2.94

408 4.71

458 5.49

515 10.3

560 15.8

This data may be represented by the equation:

D - 2.7 x 10-3 op [-(8,380 ±t 400)/ATI.

The agreent of this data with that of Hallett and Abreeht is quite good, dif-
fering by lose titan t factor of two over the teapersture range investigeted.
This small difference may well be due to the mall a•munts of tin. iron, and
chbroaim In the Zircaloy.

The teasux-mnet of the weight geai as a f dlftt 01 Lam for nitCoAtUi
heated in hydrogen by Culbranen and Andre-(13l) showed a parabolic relhstton-
0hI1 The reaction wee reported to be very slo" at 2SO'C and quite faet at
3MC. The effect of pressure was also studied. The saaction uas found LO t
very sensitive to surface fthae mod prt-treatment. go values &9e rivee for the
diffusion coefficient or the activation eairgy.
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C. Zirconitim-Nitrog,,n

Mallett, Belle and Cleland(132) investigated the dIffusion
of nitrogen froum the gaseous phase into beta-zirconium containing 0.015 weight
percent hafnium. The samples were degassed in vacuut" and then heated i;n nitro-
gen in the temperature range of 920 to 16400 C. Layers were removed and analyzed
for nitrogen. The data is tabulated below.

Table 52

girconiua-Nitrogen Diffusion Data for Beta-Zirconiiu
of Low Hafnium Content(3.Z)

TtMP. D Temp. D 10
(OC) (00 Isec) c )

920 0.55 130 ~ .7.
97- C.72 :30 11.0

1030 1.3 1305 fi6.

1085 1.5 1420 14.0

1085 1.3 1420 17.0

1140 1.9 1475 25.0

1195 3.4 1530 35.0

1195 3.1 1530 39.0

1195 6.3 1640 51.0

These values are plotted tA Fig. 29, and a~ay be related by the equation:

D - 1.5 x 1-2 ww (-(30,700 ± 1,000)/a?3.

In an earlier publication, Hallett, laroodyt 1els6 ao4d pep(l3 3) reported
thO difubion of nitogaeu into bta-zirtonium cantainiog 1.5 to 2.2 weight per.
cant htafium. This lnvestlgation yes carried out over the toge ature tagte of
900 to 160000 using t• SO" technique at Ispotated it kat. 132. TM* data is

marizied Li tablei. 5 Th SS resultst• ore represated by the equation:

0 3 x 102- ex (-(33,600 ± loO60)aIT).
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Table 53

Zirconium-Nitrogen Diffusion Data for Beta-Zirconium
Co'taininT 1.8-2.2T Hafnium(135 7

Temp. D g 107  Temp. D x 107
(OC) (cma/sec) (°C) (cm2/sec)

900 0.1 1200 2.40

t000 0.4 1200 5.0

1000 0.5 1300 6

1100 1. 1 14 11

1100 2.7 0 1

j 1600 27 1

Good agreement is shown with the previously reported date of )allett, Belle,
and Cleland. The alight discrepacy found may 4u a ceal effect due to the dif-
feroet hat ium coatents.

Wasilvoki(134) reported that the diffusion of nitroglen in bete-airconium
fits the equsiont.

0 - 3.5 x 10 2 e (-33,800/AT).

this work has aot been published but ti given as a private comnication in
Refs 132. further ccertt as to expnImntal proceduvea temperature ranger or
degree of acquraey of this work cannot be made until publication of this work.
Te superb agreement between this work and the excellent work of the two pro-
Vti041y mentiooed ineatigatinps spatske well for 1ll three.

Culbrease& Jswdro (1 3 1) vamw ed the weight gaito a. a uctioe of time
for alpha-ttreoitua Meated ti ntros. Parabolic Curve8 wer obtained in the
temqature rang. of 6W0 to 62S 6 . Sowever, the date at 400 aS SOOd C does not
at the diffusion quatitoe. Th activation esergy for the rate limiting stop
(etumad to be dfittuslc) is givnt• as - 39200 calimale. This ergpr activa-
tioc eoaarr aould be expected for diffution I* the alpha phaae. The work is the
aitrcoatmloygs syat.e showed chat th ditftto coat iclaiast as detoerlond by
Gulbrasas and Ladrew are in very b agest witb the data obtmietd by ore
reliable rectoiqua•. This lads one to doubt this valee for diEfustioo of sitro-
gee i• alpha-zi•roamU. In the sircaitus•moyga system, ( 2.L. %Q. Sece, ao
rem Oable value (or the activation eberw tor diffuaion of mitreSrt it alpha-

irclniua may be t•ic•e a Q - 45,000 caljuale and 0, may be asamS to be artoun
4 C& /"'0.
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d. Zirconiwu-Oxygen

Pemsier (135) measured the rate ot diffusion of ox•.en in
alpha-zirconium by observing the rate of dissolution :f oxide films into the
metal in vacuum. The samples were oxidized electrolytically in a solution of
KOH. The thicknerb of the initial oxide layer vas measured by the weight
gained by the sample, and the color of the oxide was observed during the dif-
fusion in vacuuej. There !a i partb.lic rate :,f uisappearancc of the oxide film
on the zirconium which suggests that the inte-controlling process is the diffu-
si.on of oxygen into the metal. Variation of the rate of disappesrance by as
much as a factor of two among the different: oriented grains was observed.

To calculate diffueion coefficients, Pemsler had to assu a value for

the density of oxygen-saturated met~al. Tho other quantities A.ta uat be
known for this calculation, the density of zirconia and the soiubility of
oxygen in alpha-zirconium, had been determLned experimenA 1ly. Th. data ob-
tained is listed in Table M.

Diffusion t2 einlpaZr um15

482 1.21 X 10-14

510 2.79 X 1o

542 33 x a71

5. x 10-13

1014" experimntal points are plotted in Fig. 30, and sy be de•cribed by
tbe eautio•n

0 a 9. eso (-(%, ISO ± 2M0)/I).

su~remoats of aurfrce effecte may often lead to tors errors 60 to the paes-
sace of rftaf•e tilm of Svoss or *etraWed gsas. uatticlout care *a takenm
to amials teso e ettecte *&ia this data quiate reLlable.

itallatt, Albrecbt, "ad Vileoo(136) eOrMeoed tbe dlffutSio 8f oXyan it
alpha God beta 91gMcAuy MIN teS1trAti trate of 1000 0o L5•W C. Tot the ,4a-
tonr~aatain of the diffusoln vostficlent ln the alpih phas, the ww st of tU
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alpha-beta phase boundary was observed as a function of time Pt the different
temperatures. Their diffusion coefficient wmy be represented by the equation:

D aZr a 0.196 exp [-41,000 + 1,5WO)/RT].

This data is plotted in Fig. 30. Due to the alloying elements in Zircaloy and
the higher oxygen contents of this i•-vestigation, preciae agreement with the data
of Pemsler would not be expected. Although the Do and Q values of this investi-
sation are considerably different from those of PeNaler's, the agreement is
pretty good as seen in Fig. 30.

The concentration gradients for the oxygen-beta zirconium diffusion were
determined by sectioning and c'temical analy is of samples. The --.ita c&Ltvad
say be represented by the equation.

D0T- 0.0453 exp (-(Z.3,200 ±t 2$400)MI~.

r~esco(137) obtained an estimate of the diffusion coefficient at 12809C
by following the homogeneity of a astconium sample to which a knowm asunt of
oxygea had bean added. The time was noted for complete diffusion through &
known volum This Save a mialum value of2 C.

D a .25 10 ca /sac at 128&4

for diffusion of oxygen in bet.-aircanium which paess very wall with the date
of ,allett, Alboe.bt, and VMloon.

SOther l~weoltt/getao•8 Guibrana and A me,(131) measured the woight
gieined by a *sico*ium sanle hasted in o~yyan. The reaction followed a para-
bolic rate law throughout the temperatur* range of 200 to opS. Their date
va found to fit the e4atlon

D i.) K lom ,ap (-l.,3 0a/0).t

Whe it in very too agreemernt •ith the sore roeliable date of Refs. 135
end 134, Stace the data appe6oa to have been taken with good ptacieton, the
reactioa measured probably was nt difuioion.

3. IUbtututioUeM1 Of6 , _ sion

Allso6 and Smettoo(13) Investigated the diffusLon of

4arroniim im an alloy of 0.08 weight percent zir.rAnum - rewaiader nickel in
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the temperature range 800 to 970 0 C. Their method consisted of measuring the
weight gain caused by surface oxidation of the zirconium In a wet hydrogen am-
bient, and identl.fying the surface cxide by means of electron diffraction.
Since the grain size was less than l0-3 mm, considerable graiu boundary diffu-
sion was found. The observed diffuAon coefficient titted the equation:

D - 1 x 10-5 exp (-26,700/RT).

It is not clear what mechanism was actually being evaluated by these meas-
urements. It could have been lattice or grain boundary diffusion of oxygen into
the sample, diffusion of zirconium to the surface, hydride formation, or surface
film reaction with the gas, or many others. Therefore, this method is not very
useful for diffusion coeffic.ent determinations,

b. Zirconium-Titanium

Martens(139) reported preliminary work on the diffusion of
zirconium-9g tracer into zirconium-titanium alloys over the temperature rangA of
825 to 1150 C. An activation energy of approximately 23,000 cal/mole is reported.

c. Zirconium-Uranium

A very complete and accurate investigation of the diffusion( 14 0 )
in the zirconium-uranium system was carried out by Adda, Philibert, and Faraggi.
Pressure bonded diffusion couples were prepared between the pure elements and
annealed in the temperature range 550 to 1075 0C. The concentratton gradients
were determined with the electron microbeam probe, and the diffuse,.- coeffi-
cients and the activation energies were then determined as a function of the
concentration. This data is given in Table 55 and may be seen in Figs. 31 and
32. Intrinsic diffusion coefficients were also measured. This data is summe-
rized in Table 56 and is shown graphically in Fig. 33.

In a more recent paper, Adda, Hairy, and Andreu( 1 9 2) reported thc urani,,
and zirconium intrinsic diffusion coefficients as a function of composition.
This was accomplished by bonding a series of uranium foils with fine tungsten
wire between them to a simila- set of zirconium foils, By measuring the move-
ments of the tungsten wire, a whole series of intrinsic diffusion coefficients
can be determined from one sample. The concentration gradient was determined
with the electron microbeam probe. The experimental yalues of DU and DZr are
plotted as a function of composition for 950 and 1000 C in Fig. 34. It may be
noted in this figure that at compositions of 0 to 10 atomic percent uranium,
DZr is greater than DU while at compositions of 10 to 100 atomic percent uraniumu,
DZr is less than DU. This means that there are several separate regions of
sources and sinks for vacancies.

" (141 o
Smith measured the diffusion of lirconium in liquid uranium at 1270 C

and reported that D - (1.9 + 0.9) x l0" cm /sec.

A summary of diffusion in ztirconium is given in Table 57.
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TabP 55

Zirconium-Uranium Dlffusion Coefficients for
Various Zirconium Concentration(140)'

Concentralon Activation Frequenci Factor
(aton. Zr)o Energy D (cm /sec)

(cal/role)

10 32,000 9.5 x 10-4

20 28,600 1.3 x 104

30 26,300 3.5 x 106-

40 27,400 4.0 x 10-

50 29,700 8.0 x 10-

60 29,700 6.3 x 10-

70 29.700 5.5 x 10-5

80 34,300 3.2 x 10-4

90 41,000 7.8 x 10-3

95 47,000 8.7 x 10-2

Table 56

Intrinsic Diffusion Coefficten¶S £for the
Zirconium-Uranium Syltem%44u)

Temp. (°C) 950 1000 1040 10Y5

At. % Zz 12.5 11.5 11.0 9.5

Intrinsic 7.7 x 1,o9 1.6 x 10-8 2.1. x 1o 3.7 x o-

Intrinsic DZr 6.5 x o-10 1.0 x 1o-9 2.3 x 109 2.9 xo"9
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IV. GROUP T1I

A. Diffusion in Vanadium

1. Self-diffusion

The self-diffusion of vanadium has not been measured; however,
estimates may be made on the basis of the relationships of LeClaire(58) and
Nachtrieb and Handler.( 5 9)

From LeClaire's empirical formula.,( 5 8 ) the activation energy for self-
diffusion in vanadium is calc-tlaed as Q a 82,500 cal/mole. From the plot of
activation energy for self-diffusion vs melting point shown in Fig. $, Q may be
estiLated as Q - 81,500 cal/mole.

Nachtrieb and Handler's(59) equation, using Kelley's value of / Hf -
5,050 cal/mole, give Q - 83,300 cal/mole.

2. Interstitial Difusion

a. Vanadium-Carbon

Powers and Doyle( 14 2 ) carried out internal friction and
elastic after-effect measuremante in the temerature range of 60 to 1600C on
carbon doped vanadium &Wles and obtained the relation:

D - 0.0047 t o.oo06 eV 1-(27,300 ± N.•)1IT.

The data looks extramly good as reflected in the authors estimte of their
error*

A year latet the sw authores(8) reported siilar value obtained by th"
sae- tmiques. Ihis data ficted the equatlona:

D * 0.00 -0 + 0.0005• ep (-(27,290 ± 0)/IIT).

The log of the relazatio• tme vs I/Tog for this data is plotted in fig. 4.

b. Vanediue•.ose

Ad early report by Pown (1431 deseribedI lnter•al frittion
aeasureamat tudo at 254.2, 263.8, and 279.2 C usnuS the torsion ptodulum. A
peak due to dtiffusion of nitrogen in vaneditm vae found At 272 0 C for a 4fraquaCy
of I cpa. The activation energy it Siven as Q o 34,100 cal/mole.

Stanley and Vert"") deteroined the diffueion of nitrogen in vanadium
from ttertas -riotion eaenuronts vieth the torsion pendulum at frequencias
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of 1.2 to 0.7 cps. Their data may be represented by the equttion:

D - 0.018 exp (-35,100/RT).

At higher nitrogen concentrations, a nitrogen-nitrogen interaction peak becomes
appa•-ent which may lead to spurious results.

The more recent •e•surements of Powers aud Doyle(48) were obtained from
intornal friction, elastic after-effects, 4od peak breath measurements over the
temperature range of 140 to 2700 C. The values obtained are presented belay.

Table 5S

Vanadium-Nitrogen Diffusion Data of Powets and Doyle(8)I

Method of Measurement -De Q

(¢%2:5aC) (cal/mole)

Internal friction 0.016 + 0.016 34,600 ± 900

Ilestic Oftelteffec4Lk 0.0090 ± 0.0022 34,000 ± 2

1 Combined 0.0092 0.0021 34,060 t 220I

Peak breadth 1 34 #%I ,

The log of the relauacion tim vs lwTOM for tOis data is plotted in Fii. 4.
The data to extremely good and Is probably the moot reliable for diffusiou of
nitrogen In vanadium.

The theoreticel value# Calculated by ferro(49) for diffusion of nitwog

in vanadium I* given byt

.0 - 0.036 &V (-2,000/IT)).

1te sgre..nt of Ferro'e theoretical values with the very reliable e xpyrieUiott
values it not as pod to this 6yotea to it was tot previous sy6eiac found to
this per.

Rtaly data of lou•were" on diffution of oxygen in vanadiu•e
obtattod with the torsion pendudi at tenperatures of 172.&; I80.$, and 193.4 0 C
save the activitLio eaergy 28M Q -a0 ,. L/ule.
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Powers and Doyle (142) examined diffusion in the vanadium-oxygen eystem by
use of internal friction and elastic afteL-eftect measurements using the torsion
pendulua in the temperature range of 72 to 190 0 C. The data may be represented
by •,,u . uation:

D - 0.019 ± 0.002 exp [-(29,300 + 100)/RTI.

The high degree of accuracy of this work may be seen in the small errors reported
in the above equation.

Stanley and Wert(144) also obtained a diffusion coefficient using interaal
friction maasuraments performed with the torsion pendulum in the frequency range
of 0.7 to 1.2 cps. Their data is described ýiy the equation:

D - 0.003 exp (-28,200/RT).

The most recent measurements of Powers and Doyle(48) were carried out
ever the tecperature range of 72 to IQW°C using internal friction and elastic
after-effect relationships. The data is listed in Table 59.

Table S9

Diffusion Coefficients for the Diffusion o. 0fy-C ,
"in Vansolas. Detemind bhXInternal

friction Leestarsmenats4O)

Method of eossurtent D (CO2 /e/c) Q (ca1/m001

lteOCeL trittiond 0.026 + 0.010 29,600 + v*

Elattic iter-Offecta 0.011 + 0.004 2,900 ± 300

I ,Cmbld 0.0130 ± 0.003 2 -,,o010 o

The plot of the log of the rtlaxatioo tiare v I/TOI for this data Li
shown in Flg. 4. The bith deree of acuracy of the wrk published to this rto-
eGance has beta itrese'e previously.

terro'a theoretical values ouý 0, - 0.018 and •-• - cal/mole ate to
rather poor agreewnt with the experimental result* for this sytem.
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3. Substitutional Diffusion

a. Vanadium-Iron

Stanley and Vert(186) determined 'hs, diffusion constants in
an alloy of iron and 18% vanadium ovez a wide temperature r•aage by a combination
of radioactive tracer and internal friction meat.uremei.ts. Meaourewnts were made
over a considerable tespe~ature range on both sides of the Curie temperature. In
the paraiuj.t€ic region, the diffusiou results may be described by the equations:

(Toe59) - 7 exp (-61,700/IT)

D(V8) - 4 axp (-%8,500/IT).

Below the Curie temperature, the internal friction data showed that dittu-
mion was 100 times slovar than the abore two equations would indicite. Pert of
the effect is due to a change i• the activation energy and part due to the change
in DO. This e effect of a change in the diffusion coefficient at the Curie
tsoersturt his been obaervsif the dtffusion of 1163 into pure ieon( 18 7 ) and in
the $eef-if fusion iniron. -

b. YMaiMdiftljW~

Diffusiot between pure titanium and two different titantia-
vanadium alloys# 15 weight percent vanadium end 75 weight percent venadiun, was
Luvetigeted by Goold.(1O) "Iets were diffused at t*eerai;.. .44 the rTng"
TOO to 126 0C. The smples were then sectioned and chwically analysedo and dif-
fuuion coefficients were detemined as a function of concentratiou by meane of
tO Nates•O maltysls. TbOa markers were included in some samplte in order to de-
teadui the iAnttinui diffusion coefficients. D a* a fictiton of atomic percent
vanadium is showUs F ig. 35. for 2 Iatmic percent vanadium, 0 is given by tOw]equat ton;

0 *6.0%0 wo eap 39,,600 :t 4,400)/P.?I.

At USA,0 th , intrinsic diffuiouc. ,ol..-tots got 96..0 .tosc percent LLCeium
asti

a1.31 x 1

14.91a49 9

A smmary ot diffuaion La va"u•ad is &Avta in Table 60.
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B. Diffusion in Chromium

1. Self-diffusion

Paxton and Gondcl£(145) measured the self-diffusion coefticient
for chromium in the t;mperature rar.ge of 950 to 1250 0 C by vacuum-condensation
deposition of Cr 5' on pure chromium discs. Self-diffusion coefficients were
evaluated by surface activity before and after annealing and by progressive
grinding, fresh surfaces were exposed on which activity measurements were made.
The data may be represented by the equation:

D - 0.0001 exp (-52,700/RT).

Both the Do and the Q values are much lower t •9.pne would expect :or a vacancy
diffusion process. Pound, Bitier, and Paxton'• 6 ) have proposed that the ring
mechanism(147,148) is the opqrating mechanism for salf-diffvqion in chromium.
[RottmanLloyd, and Harkness (49) have also suggested that the ring mechanism is
operating in self-diffusion in gamea uranium. Excessively low values of Do and
Q have been obtained for self-diffusion in gama uranium by three different in-
vestigations in three different countries,8( 4 9 ,150,151) all of their results
agreeing within experimental error.] Hence, the often doubted ring mechanism is
beginning to receive experimental support. Although the activation energies to
be txpected for the ring mechanism have not been calculated for chromium or
uranium, Do values have been calculated on the bastl of this mechanism. -These
calculated values agree qualitatively with the experimental values obtained for
self-diffusion in game uranium.(1 4 9)

2. Interstitial Diffusion

a, Chromium-Boron

Bareonov and 8olonnikova,(34) using the technique described
under the tungsten-boron system (page 3) have determined the "diffusion coeffi-
cient" of boron in chromium fron the measured rates of growth of the COl2 phase.
The only data reported is Lha activation energy 4 a 20,520 cal/wl.l. Although
no data points are siven from which to Judge the validity of this work, prev.•it-
comparison of data reported in this reference with data tram more reliable tech-
niques bas ehown that t.os data is of questionable value for diffusion purposes.

b. hoimGbg

Sameonov and lolonnikova(34) have asio measured the diffu-
sion of aarbon into chromium. An activation energy of Q a 26,000 cal/mole it
t 'ated for this process. The comments made on the chromium-boron system con-
cerning the usefulness of this date as diffusion data also &pply to thie systdm.
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3. Substitutional Diffusion

a. Chromium-Cobalt

Weeton(152) measured the diffusicn of chromiLt.m in alpha-
cobalt-chromium alloys over the composltuon range of 0 to 35 weight percent
chromium by pressure bonding alloys of different composition and diffusing them
in the temperature range of 1000 to 13600 C. The temperature of diffusion and
the romposition of the different diffusion couples is given in Table 61.

Table 61

Chromium Concentration of Chromium-Cobalt
Diffusion Specimens(152)

Temp. (oC) 1360 1300 1150 1(1000

C I 7 ...... 2J 7 CI Co 2 L I h 2
Intttal 0 22.20 0 28.00 13.15 38.65 0 24.92
composition, 9,6 25.06 9.60 41.15 0 28.06 9.80 39.91

CO 0 28.00 9.98 39.20

0 28.15

C a Chromium content of low chromium side.
C1 - Chromium content of high chromium side.

Sections were machined off and chemically analyzed. The diffusion coefficient
was found to be constant within a factor of two over the composition range in,
veatigated, hems, tý- Grubs analysis was used. The values were £ound to fit
the aquationt

D a 0.443 *xp (-63,600/RT).

The data points in the log D ve lIT plot have mote than a norml amourt
of scatter. This may well be due to the various compositions studied In thle
reference.

Grulin and oekow(153) examined the dtffusion of Co60 Into various cobalt-
chromium and cobalt-nickel-chromium alloys. A C(06 layer, 0.005-an thick, Vws
electrolytically deposited onto thin discs of the alloyc atid diffused in the tem-
perature ran&e of 1100 to 1350°C. Two to four f'asurements utre ma-lt At each
teimperature. The results are shon Lin Table 62.
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Table 62

Diffusion of Co60 in Cobalt-Chromium and Cobalt-Nickel-

Chromium Alloys( 1 5 3)

D x 10I1 (cm2 /see)

,Temp. Co-Cr Co-Cr Co-Ni-Cr Co-Ni-Cr

(°C) (4% Cr) (7% Cr) (26% Ni - 9% Cr) (26% Ni - 18% Cr)

1100 2.7 1.7 2.1 2.5

1120 3.2 3.8

1150 3.1 4.7 4. 7

1160 5.2 6.8 7.1

1200 9.7 9.4 12.2 11'i

1220 15.0 24.0 22.2

1250 21.5 24.0 23.5 29.5

1280 U(.0 47.0 51.0

1300 33.5 38.8 36.8 40.0

1320 58.0 62.0

1350 80.8 135.0 20.0

Tht Do and Q values obtained from this daLa are ehown in Table 63.

Table 63

Frequency Fa•tor and Activation gner&X for Diffusion of Co 60

inCoalt-Chromium-and CobatihlCrm~ ~o~~

Coopotion D Q
(cn2sec) (Cal/mole)

Co-cr 4% Cr 0.67 65,800

Co-Cr 7% Cr 56.3 79,300

Co-Ni-Cr 26% Ni - 9% Cr 6.3 72,100

Co-Ni-Cr 26% Hi - 18% Cr 0.4 640200
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Below 11600 C a great deal of grain boundary diffusion was observed. The
Fisher(1 54 ) analysis was used to obtain the grain boundary diffusion data
shown in Table 64. The grain boundary width was taken as one lattice spac-
ing.

Table 64

Grain-Boundary Diffusion of C;o 6 n Cobalt-Chromium and
Cobalt-Nickel-Chromium Alloys(153)

D) x 108 (cm2 /sec)
Gi.B.

Temp. Co-Cr Co-Cr Co-Nk-Cr
(0c) (4% Cr) (7% Cr) (26% Ni - 97* Cr)

980 8.3 7.5 4.9

1040 69 64 14

1100 160 160 57

1160 400 650 170

Q (cal/mole)

55,000 74,000 1 67,000

The date appears to be very good and quite complete. No mention was madq es to
the sectioning or counting procedures. However, in the past Grumin has preferred
to measure the activity of the surface of the specimen after various diffusion
times.

b. Chromium-Iron

is very incomplete The ea.rly d•at by Hicks( 15  nd Bardenheue 4and Hu.tr

8 Moiopee re recent data, hy IIPA#(157 nd Gruzin,(4158 to
more precise and coJlete,

In the work of Hicks( 15 5 ) electrolytic iron specimens were packed in
chromium powder and heated at 12000C in vacuum. The concentration vs distances
curves were determined by measuring the lat •ice spacings by x-ray diffraction
after the rewoval of known layer thicknesses. He found that

(.7-8.1) x a-9 t 1200C,.

Bardenheuer and Huller(56) measured the diffusion boween pure tctomium
un4 pure iron at lio and 1350°0%. The asaples were secriored en4 chemicalLy
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analyzed. No measurements were made as to the variation of the diffusion coeffi-
cient with changing composition. The data iu listed in Table 65.

Table 65

Chromium-Iron Diffusion Data for 1150 and 1350°C( 15 6 )

Temp. (cm2

( 0C) D (cIsee)

1150 6.8 x 10-10

1350 2.2-5.3 x 10-j

Taking an average value of D - 3.2 x 10- cm 2/sec at 1350°C, this data may be
shown to fit the equation:

D - 218 exp (-69,500/IRT).

With measurements at only two temperatures, the activation energy and D values
are very uncertain.

UedA(157) measured the diffusion of chromium in iroe by pl atinzG chromium
onto iron wires and measuring the growth of the plated layer g. * tvaction of
time and temperature. The following analysis was used to determine the diffu-
siaon coefficient:

C
1 - U= " e dy,

0

2 C
which gives 2 " A Dtx where A depends on -o Taking the solubility limit as

C0

Cx a 141 and C - 100/2 - 501%j then A - 0.584. From measured penetrationh (x)
at given times t) the following values of DO listed in Table 66, were dateaminad.
A log D ve 1/T plot of this data is shoi.m in Fig. 36. The curve shove very
little scatter in the data points. The activation energy is reported as
Q 6 1 , 8 00 cal/mole from which one may calculate the relation:

D - 127 exp (--61ACO/iT).
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Table 66

Diffusion in the Chromium-Iron System ( 1 5 7)

Temp. D Temp. D
( 0C) (cm2 /sec) (C) (cm2isec)

920 1.3 x 10 1050 1.6 x

950 2.4 x 10-°10 1100 4.0 x 10o9=

1000 6.6 x 10-10 1150 8.6 x 10-9

1030 1.1 x 10-9 1200 1 1.9 x 10--8

This data represents an average diffusion coefficient over the concentration
rauge of 0 to 14% chromium. No calculations can be made from such data as to
the variation of the diffusion coefficient with composition.

Gruzin(24) studied the diffusion of Cr51 Into elphe-iton, Saa-iron, and

a 0.827. carbon steel. The diffusion annea ls were carried out in the temperature
range of 750 to 1250 0C. The data is shown ia Table 67.

Table 67

Data on the Diffusion of Cr51 into n'ui

Tmp. D x 1012 (Cm2/sec)

I'rC) T O.8z2 C steel

750 0,5 1.4

80 4.9 2.0

850 19.0 ...

875 --- 5.7

0oo 14.0
950 24.0 13

1000 44 is

1050 58 33

1100 23 39

1150 9g 67

1200 130 t10

1250 870 70 -
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These values may be described by the following equations:

DOWe -3 x 10 4 exp (-82,000/RT)

D yFe 1.8 x 104 exp (-97,000RT)

Dysteel - 10 exp (-75,000/RT).

The experimental points were obtained by reliable techniques and show a normal
amount of scatter in the log D vs !!T plots.

Gruzin(158) also measured the diffusion of an electrolytical deposited Fe59

tracer into Fe - 3.98 wt. 7. Cr and Fe - 7.90 wt. % Cr alloys z:vz- the tempera-
ture range of 1100 to 1250°C. The alloy samples were melted and .:omogenized for
20 to 30 hours at 1100 to 120"0 C. The diffusion coefficients were found to be
as stated in Table 68.

TAMP 68

Data on the Diffuzion of Fe59 into Chromium-Iron
Alloys of 4%. and 87 Chromium(15 8 )

amp.D (cm2/ec)
C) 87. Cr 47 Cr

1150 2.2 x 10 7.2 x I0711

1200 9.0 X to"u 1.5 x 1010

1250 2.1 X 101to 3.6 x 1o-10

This date is shown in rig. 37. The activation energy and D0 values are given
in Table £9, Grusin believed thit the activation energy shpuld vary liiarly
with composition. Therefore, he felt that the lower value of Q for the 47. Cr
alloys wt# due to hydrogen in the metal and accordingly made a correction for
tht ty4&rugon cc-ntent which iave hiim a Q o '1,1 al /mle. The hydirtogn con*
tent for his alloy to not given nor does he describe the method for "eorrectng"
for it.

The dcts in general ti quite good as seen by the small &amunt of scatter
in the data plotted in fig. 37. However, the correction for the hydrogen con-
tent does not seem acesseary mor valid.
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Fig. 37 - LoB D vs lI/T for diffusuun ofFe5 9 in Fe - 4% Cr and Fe - 8% Cr
AI loyt..(158)
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Table 69

Frequency Factor and Activation Energy for
Diffusion of Fe• 9 in Several

Iron-Chromium Alloys(158)

Q D
Composition (cal/mole) (CM2 ?sec)

Fe - 8% Cr 90,000 600

Fe - 4% Cr 69,000 4

Pure Fe (Ref. 84) 68.000 0.7

Fe - 4% Cr
(corrected for R2  75,000 20.0
conternt)

c, Chromit.m-Silicon

Samoonov and SolonnIkova(34) using their previously de-
scribed method (page 3) determined the "diffusion coefficient" of silicon in
chromium from the measured rates of Stowth of the CrSA2 pt 'ase. The only data
reported is the activation energy Q - 10,250 cal/mole. Thii value seems to be
extremely low when cnmpaxed to the activation energy for dif~usior. in any of the
other chromium systems, The doubtful validity of the data iveau ... t•is refer-
ence for use as diffusion data has been expanded upon earlier.

d. Chromium-Titanium

Kortlock and Tomlin(159) evaporated Cr 5 1 onto dtics of a
Ti - 187 Cr alloy. These discs were then put together so that the Cr 5 1 formud
the middle layer of a sandwich arrangement, the amplet wre diffused at t0wo
and 10470C. Autocdio~rnahs 'ire taken and measured vith a high resolution
scanning microphotoimter. The log of the photogtaphic donuity was plotteo Vo
the sqire of the d'stance which yielded very fine strAight lines. The results
found are tabulated in Table 70. A further extension c. thil work uas performed
in a rather interesting way by Mortlock and Tom-in.( t GO) Cr I was evaporated
onto commercially pure titanium and diffused at 1OSS0C. The #am sample was
then analysed by three different technLques. first, ah autorsdiograph was taken.
Then, the " *le was sectioned. After the removal of uvach aection. tko acttvtty
at the end of each sample was counmted The machined stictions were also dissolved
cnd their activity counted. A comparison of the three techniques can be noted
in the foLkowiag data, The aereaent is surpritingly good between thi three tech-
tiiques.
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Table 70

bifffusion Data for the Diffusion of Cr5 1 into an

A q IL Cr(, AU

Temp. D x 10 9
(1)6 (Ct21lec)

1000 2.0
1000 2.0

1000 I 2.2

000 1.8
10047 3.9

Table 71

Data 2_n _thb D.ffuaio.z, of Cr Into
Pure Titan.um(16Q)

Method D at 2 lOSS°C_________________ (ca'/Isac)

Autoradlographic 7.4 x 109

Counting tw aera .se~tioo.78x 0`

Couatint diego lved 0
leyers 7,0 1

"Noff recently, Nortlock ead Tionlin(n16 ) tave exteltded their eutorodio-grephic technique to r11, 'eCO of teperaturee for Several diffoerot titantim.chrosil alloys. C&~t ve1 vacuUaa depoeltd onto finely ground and fece* ofea1.ee I cA in diemwcr *ad 0.5 co in length. The e*Wle& were dued to-atcher in a seodvich arrang~emnt with the setive face# I* the ftiddle. ttffo.*ion anaeals voee made at t"eV9turese in the rause 926 to 117810 on e*ole* ofiodide titeniu%, cowoercial tientium, tL + lot Cr alloy$ and Ti + )8Z Cr al.ly.The cOhcthratiooapeantrveton dures for the chromium troaor wer determinedfrom euft radlostphelfter correction for the Iame-raye eitted vloag rith thebe-epaatclea by CO Tha eoulta may be expteeead a followe.
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Table 72

Frequency Factor and Activation Energy for Diffusion
of Cr51 into Pure Titanium and Several

Chromilm-Titanium Alloys(189)

Solvent Metal (cDO/sec) Q
(Crlsec) (Cal/mole)

Commecial Ti 0.005 35,300 + 2,700

Iodide Ti 0.010 37,700 ± 2,200

Ti + 10% Cr 0.02 40,200 + 3,900

Ti + 18% Cr 0.09 44,500 + 1,C-.i

The fine accuracy of this work is reflected in the wall error& reported for

the activation energies.

B. Chaomin -Uranium

Mesaa, Levy •.!d Akdoa093) reported diffusion measurements
in d~lute alloys of chromium in Saam-uranium in the tapersture range 900 to
1000 C. A dilute uranium-chromium alloy wea bonded to pure uranium and diffused
at a temperature such that the alloy was in the two-phase fied of Owe plus
liquid. Sy mooauring the movemnt of the interface of the Egaw psua liquid-
Same bonvdry# the diffusion coefficient wem determined. A •o.'"-ge of the
solidus composition at the t•eperature of diffusion was also necessary. The
usta may be ean In Table 73.

Tabl. 73

Data on the Diffuion, of ChromiuM in Urautum
at tow boiCoentaos

(0c) (c2/asc)

000 3.1K 10I
925 -7

925 S.0KxW1

950 6.1 x 10-1

975 8.0 x C
S0-7

00 69.4 K0
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These vclues fit the equation:

D - 0.7 exp (-34,000/RT).

A sumary of diffusion in chromium is given in Table 74.

C. Diffusion in Titanium

1. Self-diffusion

Because of the lack of a suitablt radioisotope, self-diffusion

in titanium has not been measired expsriiae.tally. Satimates tfi! the activation
energy for self-diffusion in titanium can bh madt from measurements of the heat
of fusion, the melting point, and the air contamination of comarcial titanium.

Frow the relation of LoClaire,( 5 8 ) Q - 38 T , the activation energy for
self-diffusion in titanium is Q - 73,600 cal/mole? From the plot of activation
energy for self-diffusion vs melting point show in Fig. 8, Q Is estimated as
Q - 72,200 cal/mole.

Muchtrieb and Handler's formsla, (5 Q 16.5 A Hfg and Kelley's date of
Hf - 4,460 cal/mole yields an estimated value for Q sa Q - 73,600 cal/mole.

Although the values reported for A Iif and To were o wes'red for beta-
titactus, Kaufman calculated a melting temperature of 1670W!: fee alpha-ti tosiua
which ti practically the owe as the accepted value of 1667% ,. aeta-titanium.
Dance, the activation energy for salf-diffrea-on in titanium would be expected
to se about te ca for the two phases of titanium.

ReyAnide, Ogden, and Jaffee( 1 1* found the activation eAergy for air con-
taminatioa of comercisl titaoiu, to be Q a 750300 cal/mole. In order to Oi'4t
this high activation eonaelr they propoetd a machanis requiring counter curreat
diffusion of citstxtiw atoms and oxygon en•o, I" %iSch self-diffueion of titanium
crested vacancies that w*uld aid the diffusion of oxygen. This explanationk at-
pears more feasible than poetuleting Interstitial mechanism. IC this Waet to
true, than this obs•t-ed activation energy should be in good agreement vith the
4ctivatiOft energy for elf-diffusion to titanium. The avegant with the above
eiricat astdistas is quite good.

Since hijih ts.Vratore creep is usually diffusion controllt4, and on may
occasione the tctivstion energies for the two proceaes have bean observed to
identical,(162. such a couetis#o would be inteoresttr. Orr, 1lhtrby, and Dorn
have calculated the activation energy for 46bh teairature ctrep of titepius from
the epe1trti•tal datea of Cut and crant.(163) They found Q - 60,000 cal/lole
which Is somewhat smaler than the above eatitatee of the activation eelry foo
"slf-dlffuion •ts titanium.
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2. Interstitial Diffusion

a. Titanium-Boron

Samsonov and Latysheva, (89) usi,.g the technique described
under the tungsten-boron system (page 3), determined the "diffusion coefficient"
of boron in titanium from the measured rates of growth of the TiB2 phase. Their
data fitted the equation:

D - 2.15 x 104 exp [-(9,150 ± 2,800)/RT]

over the temperaLure range of 800 to 12000 C. The dat. is given in Table 75.

Table 75

Titanium-Boron Diffusion Data Uist the
Samsonov and Latyaheva Technique(,9)

Ta. DDC -C D -

(C) (C - C2) (cal/mwle) (cm2/sec) (u(c 2 1ec)

800 54.7000 9,150 ± 2,800 7.880 ± 1,230 0.333 2.15 x re& (ev

1000 112.4350

1100 150.0640

1200 178.6530

b. Titanium-Cafbon

aimsonov and Latysheva (8,9) measured tho growth of the TiC
phase as a function of time over the temperature range oi 800 to 1400°C. Li
applying the analysis described under the tungsten-boron system (page 3) they
Obtaisnc,|:

D -a 2.44 x 1 Q3 exp [-(17,500 t 5,670)/RT).

The date is shown in Table 76.

Usgner, Bucur, ond Steinberg (164) determined the diffusion of carbon in
titanLum by a more reliable and standard procedure than that used by Refs. 8
and 9. Disco of high purity titanium (0.0386 C) were preasure bonded to disco
of carbon-titaaium alloys containInS 0.. to 1.7n1L C. These carbor alloys con-
eisted 8 f two phases. The samples vere annealed in the temperature range of 116
to 1150 C, sectioned and chemically analyzed. Aree to six spocimums were run
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at each temperature. Over the composition range used, the 6iffu o, coafficioent
%,as found to be constant. The mathematical analysis of C. Wagner 165) was u6d
to determine the diffusion coefficient. The data ig reported in Table 77.

Table 76

Titnn•i-.Carbon Diffusion Data( 8'9)"

Temp. D Q Do C -.C. D
(0C) (C - C2) (cal/mole) (cm2 /sec) (g/cm3 ) (,ri2/lsec)

800 01 5000+800 0 17,500 + 5,670 1,060 + 230 0.436 2.44 x .0 xpG

1000 3.2205

1200 7.2885

1300 11.3904

1400 20.2270 I

Table 77

Data on the Diffusion of Carbon in
Alpha and het.-TitanitUm( 1 4)

T Average D at Tf
Sals Temp.0(CM /age) Phase

736 2 x 10o"9 --- a

782 5 x 10 a

835 1.3 x 10 a
950 2.5 x 16-7

1050 1.0 x 10 P

1150 4.0 x 10

Thes* value* may be expressed as%

for a-Ti

0 5.06 eji (-43500/1tT)

for (0.i
D - 108 exp (-48,400/,01).
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"Titanium-Hydrogen

Kusamichi, Yagi, Yukawa, and Nods'166'167) determined the
diffusion of hydrogen in titanium from measurements of the emission of hydro-
gen from commercially pure titanium. Rod-shaped titanium specimens were degassed
in vacuum at 700, 750, 800, 850, and 9000 C and the evolved hydrogen was collected
and measured. From thA data, the diffuaion coefficient of hydrogen in alpha-
titanium vaS c41C.1lated to ba?

D - 0.27 x 1062 exp (-14,200/RT).

Wasilevski and Kehl(1 6 8 ) have diffused hydrogen radially into cylinders of
high purity titanium. Turnings were taken off the diameter and the concentration
of hydrogen was determined. From the measurisd concentration gradt.'inta, LI-c %Af-

fusion toefficients were evaluated, and were found to fit the equations:

tor a-Ti

D - 1.8 x 10-2 exp (-12,380/RT)

for a-Ti

D - 1.95 x 10- 2 vp (-6,640/RT).

This data appears to be very good and .s4ts complete.

Koster, Bangert, and Evers( 1 6 9 ) found an internal friction peak in quenched
.pha-titanium which has a magnitude directly proportional to the hydrogen con-
tent. This peak was intaepreted as due to the stress induced interstitial diffu-
sion of hydrogen in the alpha solid solution. The peak has an activation energy
of Q - 153000 cal/mole which is in fair agreement with the values obtained for
hydrogen in alpha-titanium in Refs. 166p 167p and 168.

for diffusion of hydrogen in an alloy of 4% At 4% Mna and 92% Ti (C-130AM4)
at 2 room temperaturp, Daniels, Haruon, and ?Traiio(M7) miportstd that D a 1.9 % 10
cm /sac. This value•all# between the extrapolated diffusion coefficients of
Wasilewski and "ehlW"s )for hydrogen diffusion in alpha and beta titanium.

The agr•ecmnt on the diffusion coefficient of hydrogen in titanium am
the diffeirent authors is quite good, with the data of Vasileowki and Kehl( 168y
probably being the most accurate.

d. Titmniws-_tNiroten

Wasilewski And Kehl(171) iasoured the diffusion of nitrogen
in gdphe-titanium, beta-titanium, and titanium nitride Iy diffusing nitrogen into
0.350-inch Oieaeter rods of high purity titanium over the temperature range of
900 to 1370 C. Turnings vere taken off the ditmter end the coccnAtracion of
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nitrogen determined. The diffusion coefficient waE found to be independent of
the concentration in each phase. The experimental points for the diffusion of
nitrogen in alpha ard beta titanium are given in a log D vs l/T plot shown .n
Fig. 38. This data may be described by the equations:

D a - 1.2 x 10-2 ep [-(45,250 + 2,250)/RT]

D 0 3.5 x 10- exp [-(33,800 + 1,400)/RT].

The diffusion of nitrogen in titanium nitride may be represented by the equation:

D - 5.4 x 16-3 exp [-(52,000 + 3,500)/RT].

This data is shoumn 1.'a Fig. 39.

ties values were obtained by a reliable technique and may be considered
quite accurate aa demonstrated by the "sall amount of scatter in the data points
as seooi in Figs. 38 and 39.

Gulbransen and Andrew( 1 7 2 ) measured the i-c-ght gained by a sample of com-
nvercially pure titanium heated in purifi.ed nitrogen. The measurements were mad
as a function of time and gas pressure over the tuqgeratuti rang-. of 550 to 850 C.
The rate controlling mechanism followed a parabolic rate law qnd "-!-afore was
assumed to be a diffusion procees which vaa evaluated as having an activation
"••rigy of Q a 36,300 cal/mole. This value is considerably smaller than the more
reliable value for diffusion of Q - 45,250 cat/mole reported In Ref, 171.

For the diffusion of oxygen in $jct-titsn•ua over the tem-
perature reage of 950 to 1414 0 C; Wasilewski and Kohl, ') diffused oxygen into
0.350-inch dimster rods of high ptirity titanium. Sections were machined o"f
the diameter of the specimen and chemically analysed for oxygoen The diffusion
coefficient was found tj be onstant over the investigated concentration range.
LAcauas of undue complications arising from surface layers of oxide; no. diffu-
sion coefficients were determined for oxygen diffusion in alpha-titanium. The
data for oxygen diffusion ti beta-titanium may bu described by the equation:

D a 1.6 exp (-(46,2W0 t 3,200)/RTI.

This date is shoun in a log D vs l/T plot of Fig. 40. The fine accuracy of this
work is de•onstreted by the sall smont of scatter in the data points seen
ks fig. 40..
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Pratt, Bratina, and Chalmers (173) used a low-frequency torsion pendulum
technique to study internal frition in alpha-titaiiium and in titanium-oxygen
solid solutions containing up to 4.5 atomic percent oxygen. A relav.Ation peak
was found with an qctivatiop energy of Q - 48,000 cal/mo)le. This peak bht, been
attributed to the diffusion of oxygen in aipha-titlnium. Using this value of
Q, Reynolds and Jaffee( 1 74 ) calculated DO - 0.4 cm /bec from tae Dushman-Langauir
equation.

Roe, Palmer, and Opie( 1 7 5 ) obtained experimental values of the diffusion
coefficient for diffusion of oxygen in titanium which are in sharp disagreement
with the results of Refs. 171 and 173. Samples of titanium were cut from 1/4-
inch diameter titanium 75A bar stock, polished and packed tightly in TiO2 powder.
1hese damples were heated for various times up to 117 hours at lemperatures of
700 to 1150 0 C. Microhardness measurements were made across ti.- .iameter of t
polished cross secLion of each of the diffused specimens. From these microhard-
peas =uasucements, the concentration gradient was evaluated. The diffusion co-
efficients determined for the i.nward diffusion of oxygen were compared with
measurements of outward diffusioa, obtained by submerging a p 4 .ce of oxygen doped
titanium in a bath of liquid calcithu. The agreement between the two techniques
is good although there is much more scatter in the data for outward diffusion
than for inward diffusion.

Thc data may be represented by the equations:

for a-Ti

D a 5.08 x 10-3 exp (-33,500/RT)

for a-Ti

D - 3.14 x 104 exp (-68,700/RT).

Thl& data is showu in Fig. 41.

A possible explanation of the excessively large activation energy for dif-
fusion of oxygen in beta-titanium was proposed by Parr in the wrttten disc ission
of Ref. 175. Parr auasistad that since this value of Q w 68,700 cal/mole is
very clrco to that which woulo be expected for self-diffusion in titanium. per-
haps the oxygen atoms occupy substitutional sites @md diffuse by a subtititutionsl
mechanism in the case of beta-titanium. In the case of alpha-titanium, the oxy-
gen atoms may occupy interstitial sit"e and diffuse by an interstitial mechanism.
This possibility is substantiated by the fact that the octahedral holes iu alpiA
titanium are about 40% larger than the holes in the beta structure.

Although this dets was obtained with good accuracy, &s may be see in the
small 4mount of scatter in the ioward diffusion data (Pig. 41), a large diasetvp-
ancy exists betwoen this data and the equally good dita reported in ReW. 171.
Since this work used Lees pure tit& Ito thsin Ref. 17I (which vas shown to be
very Important kn tht work of Gtipta•177) et &I. ,eported in the coming pages)
and since diffusion of oxygen io TiO 2 may possibly be a controlling mrnfpism in
this work. the jete of the data of Wasilewski and KUhl is reromaended.'"
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Claisse and Koenig(176) meas'red the diffusion of oxygen into beta-titaniumunder the influence mf an electric field. Spocimens of 1/4-mn diameter wire
were oxidized in a local area and then heated with a d.c. current passing through
the specimen. The concentration gradient was determined at various time Inter-
vals by measuring the resistance of the wire over a 1/2-mm length at different
positions along the wire. These measurements were made at six temperatures in
the rnge 1127 to 13470 C. The results may be expressed by the equation:

D - 8.3 x 10-2 axp [-(31,200 + 2,000)/RT].

A negative excess of 0.4 electron units was found to be carried by the oxygen
atoms. This data seriously disagrees with all of the previously reported diffu-
sion data.

Gulbronsen and Andrews(172) date notoriously disagrees with the data of
other investigators. They examined the weaight gained by titenium samples of com-
mercial purity (0.77n carbon) and by iodide titanium while heated in purified
oxygen. Meesurements were made0 at a gas pressure of 7.6 cm oi HS and in the
tempeoýatur2 range of 250 to W00 C. Their data may be given by the relation:

D a I x 10 - xp (-26,000/RT).

These authors have made similar investigations on many systeme reported
in this paper. Their work has always been conducted with extreme care and fine
expertmental procedure. However, teh.4 rtevlts eeldo.; 4igg with diffusion dataobtained by mars reliable methods. This may lead to the conclosion that veightgain measuraments are not governed solely by the diffusion inchatniua.

Large diasgreenwnto between different investigations, a•&of which are parformed with great care end a high degree of finesse, are blamed
on experimental error. The error in good experimentel work, even in the field
of diffusion, can eldca be blamd for much more than a small fC.sction of these
large disagreements. SMal. quantities of A third element or* often responsible
for a laege portion of these disagreeaments. This can be seen in the work of
Gupta and VeiniSgT 1 ) They used ntarntal-friotion moesureuients to study the
diffusion of oxygen in alpha-tteenium Contailtni various ewall sdditione of a
third element. The data is listed an Table 78. This illustrat.4 the fa,,q rhat
variations in the activation energy for diffueion of oxygen in aipho-tittantum
of 34,000 to 67.000 cal/aole may be produced by the addition of 0,10% of veriou"
third elements.
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T'able 78

Data on Oxyge!n Diffusion in Titanium Containing

Sna- Amounts of a Third Elea*.tt 7 )1 7-

Solute Oxygen Q
(at. %) (at. 7) (cal/mole)

0.10 V 2.0 34,000

0.10 Zr 2.0 48,000
0.10 Al 2.0 39)000

0.10 Nb 2.0 -

0.06 Zr 2.0 67,000

0.10 Zr 2.0 48,000
0.50 Zr 2.0 --

3. SuhtituLional.DIiffusion

as Ti-tantu-Aluminum

.ol, ,(106) performed diffusion meosuremate on eaiples compoaed of pure titanium and one of two different titanium-alu,4!. Alloyea4 veight percent aluminum or 8 weight percent aluminum. Samplas wera Uiffused
at six different teamerature. in the roane 983 to 12500G. 'Cae difitsion coeffi-
cients war* determined as a function of concentration by meoan of the Katam%4nalyefo, The intrinsic diffusion coefficients were mastured in soe e"pUle
by use of Th02 markers. a as a function of otomitc percent luminum is etosh "
fig. 42. For 2 atomic percent elumitua, D i Le en by the equetiont

D a 1.4 x 10 e-5ap (-(21,900 ±t 35700)/ILT].

StOitlesy tor 12 Wtale Percent e1"iAnu

D - 9.0 x 10 *V (-(25,500 t 4,3O)/ATI.

At lM0°C# the ittuirmic diffusion coefficients for 96.! atmic pseaw=t Utiauim

"rI -4..6 W 10- 9 ., 2Iiee

DA 14.11 z 10" ce iet.
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Since aluminum stabilizes the alpha phase in titanium, it war possible to deter-
mine the diffusivity of aluminum in alpha-titaniumn by employing a couple cor.-
posed of the alloys 4 weighn. percent aluminum and 8 weifght percent aluminum,
heated at 834 and 900 C. Diffusion at these temperatures was too low to use the
Matano method for calculating results, so the Gzube analysis was used. The re-
sults fitted the equation:

D - 1.6 x 10- exp (-23,700/RT).

The data in qutAte complete, however, the errors reported for the activation

energies are rather large.

b. Titaulum-Iron

The diffusion of titanium in alpha and gamma iron at low
titanium concertration was measured by Moll and Ogilvie.(178) Pressure bonded
diffusion couples were prepared between pure iron and one of two different iron-
titanium alloys, 2.13 weight percent titanium or 2.45 weight percent titanium,
and these samples were diffused for various times at temperature in the range
of 1075 to 12250 C. The concentration gradients weae evaluated by a linear x-ray
absorption technique. The obstrved rate of movement of the alpha-gamma inter-
face determined the diffusion of titanium i'a alpha iron. This data is given in
Table 79.

Table 79

Titanium-Iron Diffuon Data for Alloys of
Low Titanium Concentration(i.75)

T ia D
Composition (0) (cm2/s"c)

107 9.90 x 10 1
2.13" Ti 1150 227 x

1225 8.28 w 10

1075 8.80 x 1 10
2.45%, Ti 1150 7.09 x I0i

1225 7'.92 x 10'

2.47% Ti 1216 6.40 x 10-1

The equation

D 0 3.15 exp (-59j200/RT)
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EU repres;ents these points. Values for the diffitsion coefficient of* titanium In
gimma iron were calculated by applying a Matano analaysis to the concentration
curves within the gamma phase region. The temperature variation of the diffu-
sion coefficient may be described by the equation;

DY = 0.15 exp (-60,0oi~rf).

Thera results on the activation energy for the interdif fusion of titanium
in alpha-iron,, at low titanium concentrations, arA essentially the same as the
4ctivation energy for self-diffusion of iron in alpha-iron.(9O) This result
correlates with the theory of Zoner(l79) for diffusion in body-centered cubic
alloys of low s'nlute concentration. Also the scatter in the points on a log D
vs 1/T is very reasonable for the alpha iron data. An evalu'4tý^n of the gamma
iron data is not possible since no data points were given.

co jitaniHM-HManunae~

Goold (106) carried out dittusion measurement* on sam'ple*
-composed of pure titanium and one of two different titanium-manganese alloys,
8.5 weighc percent manganese or 17 weight percent manganese. 0 amples were dif-
fused at five different temperatures in the range 830 tg 1190 C. After diffu-
sion anneals at temperature up to approximately 1000 C, 0.35 inch was
machined off the diameter of the sample before taking tha turnings for anialyei18 .
,tha. to the large manganese losses frow, the alloys by volatilization above 1000 C,
the normal methods of analysis wer& not adequate. Instead, the radial distribu-
tion nf mangae~se in the alloys was determined after d~if fusion. From this 4ata)
the diffusion coefficients were calculated. 2xcellent sa,;eemo letween the two
toohniques was obtained an the same sample a&weoled at W26C. D as a function
of composition is ahove in ?IS. 43. For 8 atoxic percent msaganoss, D is given
-by the equation-.

D .1,0 x 0-3 eVp (-(350200 ±ls,400)IftT1.

The data is quite complete and its reproducibility is reptisented by h
able error reported for the activation energy.

SuAlin and Martin (3)propired pressure welded diffusion
couplet, of pur# nickel and a N1 -0.9% Tt sllry. $pop-trophotometric analysis
of laths tuxrntgs was uted to determiae the cnnceantretion gradien~t. The data
La O1vea Lu l'a~Aa -0. This* data f itted the ewtition:

D 0.866 xp (-610400/&T).
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Table 80

Data on Diffusion in the Titanium,-Nickel S•ytem at
Low Titanium Concentrations -T

Temp. 2D

(0 c) (cm /sec)

1104 1.53 x F'J

1150 3.23 x -10-0

1202 6.19 x 10-10

1214 8.75 x 100

1239 1.15 x 10-9

L1282 1.96 x 10-

A plot of log D vs I/T is shown in Fig. 44. These values are very good as may
be seen by the small amount of scatter in the data in Fig. "4. Ite authors esti-
mated their error in the activation energy at ± 1000 cal/mole.

e. Titanium-Silicon

Samsonov and Solonnikova (34) reportetd a val-- 1-r the acti-
vation energy for diffusion of silicon in titanium,, determined irom measurements
"f, the growth of the TISi 2 phase as Q - 5,690 col/mole. The doubtful applice-
bility to diffusion of the data of these authors has previously been discussed
in this paper.

f. Tj~itag_.-Tin

Goold( 10 6 ) measured thm diffusion in couples composed of
pure titanium and one of two different titanitua-tin alloys, 10 weight perce,.
(4.3 atomic percent) tin or 20 weight percent (9.2 atomic percent) tin. Sl,-
ples were diffused at &live different temperatures in the range 1004 to 1250 C,
The diffusion coefficients were deteruined as a function of concentration by
meana of the Matano analyasi. Th02 markers were included in soe samples in
order to determine the intrinsic diffusion coefficients. D as A function of
atomic percent tin is shown in Fig. 45. for 1 atomic percent tint D may be ox
pressed by the equationi

D - 8.4 a 1O"7 esp -15,30 ± 3,800)/ITI.
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Similarly for 8 atomic percet't tin:

D - 2.7 x 1604 exp [-(29,800 + 8,300)/RT].

At 1250°C, the intrinsic diffusion coefficients for 98 atomic percent titanium

were:

D - 2.6 x 10-9 c m2/sec

n ' %9.!8 -. 16- c=m2 1=cc.

Since tin stabilizes the alpha phase in titanium, it was pcsible ':o "t•ci.w

the diffusivity of tin in alpha-titanium by using a diffusion couple composed

of the alloy 10 weight percent tin and 20 weight percent tin, heated at 8340 C.

The diffusion at this temperstt're was too -mall to use the Katano analysis, so
the Grube analysis was used. This data yielded the diffusion coefficient:

D - 0.5 x 10-10 cm2/sec.

The data is very complete; however, the errors reported for the &'ctivation en-
ergy (a"25%) are excessively large.

f. Titanium-Uranium

A very omplete and accurate investigation of the aizfuaion
in the titanium-uranium system was performed by Adds and Philibert.(100) Pres-

sure bonded diffusion couplet were prepared between pure uranium and pure tttan-

tum. Diffusion anneals were carried out between 950 and 10750C. The concentra-

tion gradients were determined with the electron microbeaw probc, aud the dti '-

sion coefficients and the activation energies were determined as a function of
compositiou. This data is given in Table 81 and can be seen in figs. 46 aud 47.
Intrinsic diffusiou coefficients were also measured. This dto is summsrixsv 4"
Table 82 and is shown graphically in Fig. 48.

4. Subtlitutoinl -Difluuion In Ternary agd I-HIheR

Order TitaniumSystems

a. Titanium-Iron-Psheet

Gruein and Hoskovw•5) investigated the diffusion of Co60
into an alloy of 81% cobalt, 1S% iron, and 4% titanium. A Co6 O luyer, 0.00S =

thicit was electrolyttCally deposited onto thin discs of the alloy and diffused
at the temperatures 1100 and 1200 C. TNo to four measurments were made at each
temperature. An *vevooge of the different measurements for the two amperaturee
invebtigated are tabulated in TAWle 83.
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Table 82

intriusic Diffusion CoeffIcients in the
Titanium-Uranium System(130)

Temp. (C) 950 1000 1050 10/5

At. % U 82 82 82 83.5

Intrinsic D, 4.7 x 109 9.5 x 109 1.6 x 10-8 2.2 x 10-8

Intrinsic DU 1.2 x 10"9 2.9 x 10'1 4.1 x 107' 5.8 x 10.j

Table 83

Data on the Diffusion of Co60 in an Alloy of

81% Cobalt, 15% Iren and 4, TMeani'.L33)

Temp. D
( 0 C) (cm2 /eec)

1100 7.5 x 10

1200 19.0 x i0-1

ThU data may be expiessed by the equation:

D) - 0.008 exp (-51,20/0T).

There is a larsg uniertainty in the equation for the tt4perature variation of

the diffusion occfficient sace wasu..rnxate wors made at only two tempcraturas.

b. --Nicks lChrojitrn-7W.t4 •&nAlqtfu2

Kornikw and Shinyaev(
18 1 ) measured the ditfusion of Fe 5 9

in alloys of fi-Tfl, Mi-?l-Crp atd #W i-Ti-Cr-W-AI. These alloys were nickel bosec

In Satuxcted solid solution; however, the actual coopmiwltuasWorer Inot giv~.n.
F*59 was electrolytically deposited on 20 m diameter Otsc#, z~ to 3 MM thickA
and diffuster, sannals wet* porfonmed in the tea~,erature range of 920 to 12(W t.
Atter diffusion, layers vra eatchd off the surfave of Ott, a•olv disce and tb*

activity of the Fe 59 was measured. The data is reparttd tn Tab).e 84. Thm ex-

prtimental values are ol'ttwd as log D vo 1/T aMnn in Fig. 49, The accuracy

of the data appears to be very good as "en in the mall smunt of outter In

th. data of fig. t9.
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Table 84

Frequency Fdctor and Activation Energ for Diffusion of Fe59 in

Ni-Ti. Wi-Cr-T and Ni-Cr-W-Al-Ti AllutTRT3T

I-
Q D

Alloy (cal/mole) (cu2/0ec)

Ni 50,700 9.2 x 10

1i-'! 73,100 1.6 x 10-1

Ni-Cr-Ti 34,000 4.45 x 10 !

Ni-Cr-W-Al-Ti 91,300 6.2 x lo,3

co Iran-Ilick lglus a Third llemnat
(TI. V. Rb, o a fo)

It was previously shown that small additions of a third
element can greatly alter the measured diffusion coefficient for the intersti-
tial diffusion of oxysan in titanium, Similar masursmnts were nada fat the
substitutional diffusion of ye59 in a series of iron-tuckel alloys with small
additiona of e third element (titanium, vanadius, nioblum, molybdenum or boron).

Rokehoia, Easakovap ieAhkin, and Kireky(182) diffusead Ita9 into alloy
samples, 29 x 9 z 7 = in also, at teoperatures of 1000, 11000 V.50, and 12000C.
The alloy composttiona and the diffusion data are preseuttd in .. 65. The
composition and teworaturse waer* vboae so that all masureents were made in
the fac-o-cenered cubic Same-iron phase. The Samples were sectioned with a
"specially designed maebhinea iicht tvwnoved abole alices, probably such like a
pterot*. The date appear-* to be very good since very little Scatter in the
data poantal* Shown In the lot 0 Ve I/T plot*.

Axrbarov, ifremova, vmnovskeya# Shtol'ts,, amt Ytmu 16),)84) fou t that
nickel diffused throughthe prain bmodaieee of A ote iroa to # depth of 0.16 *US
after an aSUOal a 1300WC. Wder the o'm coaditions, 0.OO% boron completely
eliminated the grain boundary p"wltratitn of nickel, 0.2 to 0.3% molbdaenum pr,.*
ticelly eliminated tt, '.12 atobium reduced it to 0.04 mas, 0.27% titaium re-
dued it to 0.06 a, and 0.2% vanadl= reduced it to 0.11 mam.

inveittgations such a& these er& fto and far between. With a better kaoulo
ed$e of the minor constituents in, diffusion couplet and thetr effect on the d1f-
fusion coefficient) omemight be able to ebow a ter better corralation between
the data of differeat iSwetegateors.

.ummar oef diffus.an iW titanium Lis ivea n in tble 16.
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Table 85

Diffusion Data for iron-Nickel Base Ailoys(1 8 2)

(Major Constituent is Iron)

irdD x 1-11 (cm2/sec) D
inirhl d 0t.%ofi D

z lement nird Filement 1200o ll00OC i0o (cm2 /sec) (cal/mole)

11.8 1 12.6 3.02 0.479 1.2 1. 66,600

24.3 16.0 3.63 0,795 3.5 x 10'- 62,200

0.40 15.9 3.49 0.795 3.09 1 68,000

25.02 mo 1.80 14.5 2.40 0.250 4.33 x 10 77,500
4.23 13.8 1.26 0.06 2.2 x 104 96,000

0.3 16.6 3.17 0.252 1.26 x 103 85,200
24.10 Nb 1.3 15.9 3.02 0.252 4.91 x 103 89,0 0'

3.25 14.8 1.75 0.110 3.48 x 104 95,50C

24.35 Ti 0.2 14.5 2:.89 0.417 2.38 67,600
1.88 17.4 2.52 0.347 1.5 x 14 92,000

24.7 v 2.05 1Q.1 6.31 0.754 3.b x 10 i 55,200
4.92 17.4 5.25 1.26 2.16 x 10" 48,000
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